



































an	 area	 that	 has	 garnered	 considerable	 attention	 in	 the	 last	 few	 years.	 With	 the	 continuously	




employed	 to	 identify	 and	 quantify	 thirteen	 aminoindane	 internet	 samples.	 It	 was	 found	 that	 the	
composition	of	internet	samples	varies	greatly	in	terms	of	concentration	of	active	ingredient,	with	a	
range	of	17-95	%	w/w	of	active	 ingredient	 identified.	 It	was	also	found	that	caffeine	was	the	most	
common	cutting	agent	with	a	range	of	27.7-30.2	%	w/w	identified.	This	highlights	the	need	for	both	
selectivity	and	sensitivity	in	detection	mechanisms.		
Using	 the	 principles	 of	 biomimetic	 design,	 a	 methodology	 for	 the	 treatment	 of	 protein-ligand	
interactions	was	 developed.	 Protein-ligand	 binding	 data	 collected	 from	 the	 Protein	Databank	was	
analysed	 for	 mephedrone	 related	 structures	 and	 common	 cutting	 agents,	 identified	 through	





binding	 affinity	 of	 Probe	 1	 to	 mephedrone	 was	 tested	 using	 1H-NMR.	 An	 estimated	 association	
constant	 of	 104	M-1	was	 calculated,	with	 a	 1:1	 binding	 stoichiometry.	Along	with	 ESI-MS	 and	DFT	
calculations,	it	was	found	that	mephedrone	binds	to	Probe	1	in	a	concerted	fashion	with	a	three-point	





four	most	 common	 cutting	 agents	 identified	 from	 literature:	 lidocaine,	 caffeine,	 paracetamol	 and	




of	mephedrone,	methamphetamine,	mephedrone	precursor	and	flephedrone.	This	 is	 the	first	 time	
this	has	been	achieved	using	host-guest	chemistry.	A	protocol	was	developed	to	successfully	detect	
mephedrone	via	Probe	1	using	NMR	spectroscopy	in	a	simulated	street	sample	containing	two	of	the	
most	 common	 cutting	 agents,	 benzocaine	 and	 caffeine.	 To	 further	 aid	 future	design	of	 small	 host	





































































































































































































































































Figure	 1.8	 -	 Marquis	 reagent	 colour	 change	 in	 the	 presence	 of	 3,4-methylenedioxy-N-
methylamphetamine	(MDMA).	....................................................................................................	34	





























































portrayed	 as	 mashed	 spheres,	 colour-coded	 as	 green,	 hydrogen-bond	 acceptor,	 magenta,	
hydrophobic	and	orange	as	aromatic	rings	(distances	not	to	scale).	...........................................	99	
Figure	3.10	-	Three-point	pharmacophore	based	on	A.	methamphetamine	(3GKZ),	B.	the	combined	
paracetamol	 binding	 (2DPZ	 AND	 3PY4)	 and	 C.	 dopamine	 (3NK2).	 The	 binding	 features	 are	













Figure	 4.4	 -	 Chemical	 structures	 for	 target	 host	 molecules	 for	 synthesis	 (1).	 1,3-
dithioureanaphthylcalixarene	(2)	1,8-dibenzylthiourea	anthraquinone.	...................................	109	
Figure	 4.5	 -	 Potential	 hydrogen	 bonding	 occurring	 between	 both	 amino	 functionalities	 and	 the	
carbonyl.	.....................................................................................................................................	128	






























Figure	 5.12	 -	 1H-NMR	 titration	 of	 model	 compound	 (Probe	 2)	 upon	 the	 addition	 of	 mephedrone	
freebase	in	acetone-d6.	..............................................................................................................	151	
Figure	 5.13	 -	 An	 image	 of	 A.	 minimum	 conformation	 of	 Probe	 1	 uncomplexed	 and	 B.	 minimum	
conformation	of	Probe	1	complexed	to	mephedrone,	based	on	optimised	DFT	calculations.	..	153	
Figure	5.14	-	An	image	showing	the	minimum	energy	conformation	of	Probe	1	bound	to	mephedrone,	







Figure	5.17	 -	ESI-MS	of	Probe	1	m/z	 509,	mephedrone	 freebase	m/z	 179	and	complexed	Probe	1-
mephedrone	m/z	685.	Insert:	MS/MS	data	for	Probe	1	and	mephedrone.	...............................	157	
Figure	 5.18	 -	 ESI-MS	of	 Probe	 1	m/z	 509,	 flephedrone	 freebase	m/z	 182	 and	 complexed	Probe	 1-
mephedrone	m/z	689.	Insert:	MS/MS	data	for	Probe	1	and	flephedrone.	................................	158	
Figure	5.19	-	Absorption	spectrum	of	mephedrone	(grey)	and	Probe	1	(black)	from	330	-	600	nm.	160	
























top	 red	 line	 is	 after	 the	 first	 addition	 of	 mephedrone.	 The	 black	 lines	 are	 the	 subsequent	
additions.	Insert:	Plot	of	concentration	of	NPS	and	the	quenching	of	fluorescence	intensity	at	485	
nm	(acetone,	5.0	µM,	lex	=	410	nm).	..........................................................................................	169	
















energy	 conformer	 (36.83	 kJ	 mol-1)	 generated	 through	 conformational	 searching	 in	 Maestro	
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Figure	6.4	-	An	image	showing	the	lowest	energy	conformer	for	Host	2	(96.16	kJ	mol-1)	and	highest	





































pink	 sphere)	 and	Host	 1	 (CV=	 4.48	Å,	 E=	 -33.64	 kJ	mol-1)	 in	 the	metadynamics	 simulation	 in	
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system	 in	Maestro.	 Three	binding	points	 can	be	 seen	between	 the	host	 and	 the	 surrounding	
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Figure	 6.19	 -	 An	 imagine	 showing	 Host	 1	 and	 mephedrone	 in	 methanol	 in	 the	 lowest	 energy	
conformation	for	the	simulation	in	Maestro	(CV=	5.65	Å,	E=	-39.04	kJ	mol-1).	.........................	199	
Figure	 6.20	 -	 An	 image	 showing	 mephedrone	 hydrogen	 bonding	 with	 methanol	 taken	 from	 the	




















Table	3.3	 -	All	 23	proteins	 that	were	accepted	after	quality	 control	 and	 taken	 forward	 for	binding	
analysis	using	Phase.	....................................................................................................................	91	








































































effects	were	discovered	 inadvertently	by	Albert	Hoffman	 in	1943	while	 researching	 into	medically	































tryptamines	 and	 benzodiazepines	 (Figure	 1.2).	 These	 groups	 of	 compounds	 all	 have	 one	 thing	 in	
common,	they	are	relatively	small	amine-containing,	hydrophobic	molecules,	which	have	the	ability	
to	 cross	 the	 blood-brain	 barrier	 and	 exhibit	 psychoactive	 effects	 in	 the	 CNS.	While	many	 fall	 into	






Figure	 1.2	 -	 Generic	 structure	 for	 A.	 phenethylamines,	 B.	 tryptamines,	 C.	 piperazines,	 D.	 cathinones	 and	 E.	
benzodiazepines.	Cannabinoids	are	not	classed	based	on	their	structure	but	their	action	on	cannabinoid	receptor	type	one	
(CB1),	and	therefore	no	generic	structure	of	this	class	is	available.	
These	 products	 are	 sold	 under	 attractive	 names	 such	 as	 ‘sparkle’	 (mephedrone)	 and	 ‘ivory	wave’	
















drugs.	 This	 is	 due	 to	 the	 complex	 pharmacological	 profile	 that	 is	 observed	 from	 these	 structures.	
Figure	1.3	shows	thirteen	different	classes	of	NPS	monitored	by	the	EMCDDA	since	2005.	Of	which,	
four	 are	 deemed	 to	 have	 amphetamine-like	 structures,	 including:	 arylalkylamines,	 aminoindanes,	
cathinones	and	phenethylamines.	Of	these,	cathinones	have	remained	the	most	prevalent	since	2008.		
Based	on	United	Nations	Office	 on	Drugs	 and	Crime	 (UNODC)	 reports,	 cathinones	 are	 the	 second	
highest	 NPS	 class	 at	 15	 %	 of	 the	 reported	 values.	 The	 “original	 NPS”	 is	 often	 reported	 to	 be	
mephedrone,	 a	 synthetic	 cathinone	 that	 was	 developed	 as	 the	 legal	 alternative	 to	
methamphetamine17.	 Cathinones	 have	 been	 found	 to	 exhibit	 similar	 psychoactive	 effects	 to	 the	
amphetamine	 class.	 Since	 their	 introduction	 onto	 the	 ‘drugs	 market’	 in	 2007	 the	 popularity	 of	

















cathinone	 (Figure	 1.4),	 an	 alkaloid	 derived	 from	 the	 Khat	 plant.	 In	 the	 2000s,	 many	 synthetic	








analogue	 of	 amphetamine	 (Figure	 1.4)	 and	 is	 very	 labile	 in	 the	 presence	 of	 oxygen	 and	 quickly	







countries	 that	 are	 reporting	mephedrone	use,	 thereby	establishing	 its	presence	worldwide	on	 the	














the	 potency	 of	 MDMA27.	 This	 interaction	 with	 the	 monoamine	 transporters	 causes	 a	 release	 of	
dopamine	 and	 5-HT,	 with	 5-HT	 release	 being	 greater	 than	 that	 of	 dopamine28.	 The	 release	 of	
dopamine	has	been	found	to	link	the	psychostimulant	effects	of	mephedrone	to	MDMA.	Interestingly	
mephedrone	has	been	shown	to	substitute	for	cocaine	in	drug	discrimination	studies	on	rats,	which	
could	explain	 its	 levels	of	dependence	reported,	due	to	 their	 similar	serotonergic	 responses27.	The	
complex	pharmacological	profile	of	mephedrone	could	help	to	explain	why	mephedrone	is	so	popular.	








as	 a	 legal	 alternative	 to	 synthetic	 cathinones.	 They	 are	 conformationally	 rigid	 analogues	 of	
amphetamines	 (Figure	1.6).	 The	general	 structure	of	 aminoindanes	 can	be	altered	 in	 a	number	of	
ways;	such	as	substitution	of	the	aromatic	ring	with	a	number	of	functional	groups	or	through	addition	








could	 be	 easily	 purchased	 over	 the	 internet.	 The	most	 prevalent	 aminoindane	 analogues	 sold	 as	
research	chemicals	were:	5,6-methylenedioxy-1-aminoindane	(MDAI),	5-iodo-2-aminoindane	(5-IAI),	
2-aminoindane	(2-AI)	and	4-methoxy-6-methyl-2-aminoindane	(MMAI)32.		




the	 suggested	 levels,	 with	 seizures	 significantly	 lower	 than	 those	 of	 the	 cathinones,	 even	 once	
cathinones	were	controlled.	Aminoindanes	have	been	reported	to	have	a	reduced	potency	compared	








ingredients	 and	 excipients	 can	 be	 found	 in	 the	 purchased	 products32.	 As	well	 as	 finding	 a	 varying	
concentration	of	active	ingredient	in	products	bought	over	the	internet,	a	number	of	excipients	have	
also	 been	 identified	 as	 cutting	 agents.	 Cutting	 agents	 are	 chemicals	 used	 to	 dilute	 the	 NPS	 with	
something	 less	 expensive	 than	 the	 compound	 itself.	 When	 choosing	 a	 cutting	 agent	 illicit	 drug	
manufacturers	or	dealers	would	ideally	attempt	to	find	a	chemical	that	is	inexpensive,	easy	to	obtain,	
















the	detection	of	 active	 ingredients.	 This	 is	 for	 two	 reasons,	 the	 first	being	 that	 a	 large	number	of	
cutting	agents	have	similar	chemical	structures	to	the	active	ingredients,	the	second	is	that	the	active	
ingredient	becomes	diluted	when	mixed	with	a	number	of	cutting	agents.	This	means	that	there	are	









products	 and	 analysis	 of	 NPS	 in	 bodily	 fluids,	 such	 as	 blood	 or	 urine.	 A	 number	 of	 studies	 have	




pure	 substances	 and	 NPS	 products.	 The	 high	 throughput,	 ease	 of	 sample	 preparation	 and	 high	
sensitivity	makes	 it	 a	popular	means	of	analysing	NPS	products.	Amphetamine-like	 substances	are	
small	volatile	molecules,	and	therefore	GC-MS	is	an	ideal	technique	for	analysis.	Baron	et	al.	carried	
out	multiple	studies	into	NPS	products	using	GC-MS	as	well	as	a	broader	study	into	twenty-three	NPS	













been	 established.	 Sutcliffe	 et	 al.	 published	 the	 first	 validated	 HPLC	 analytical	 method	 for	 the	




























them	means	 that	 effective	 laboratory-based	 detection	 techniques	 have	 been	 established42.	 These	
methods	however	are	time-consuming,	expensive	and	require	a	considerable	amount	of	expertise	to	
analyse	the	results	obtained45.	There	currently	remains	a	 lack	of	 in-field	detection	mechanisms	for	















well	 as	 the	 length	of	 time	 taken	 for	 the	 colour	 to	become	apparent	which	 is	 noted.	 For	 example,	
MDMA	will	turn	dark	purple	within	5	s	(Figure	1.8)	whereas	another	substance,	dextromethorphan	
(DXM)	will	 turn	the	solution	black	within	15-30	s.	Methanol	 is	sometimes	added	to	the	solution	 in	
order	to	slow	the	colour	change	down,	making	it	easier	to	visualise.	The	test	is	extremely	sensitive	and	
as	with	most	colour	tests,	an	estimate	can	be	easily	made	as	to	the	quantity	of	the	drug	present,	based	















For	colourmetric	analysis,	 there	are	 two	general	 signal	motifs	 to	consider;	change	 in	 intensity	at	a	






































that	 utilised	 a	 dropping	mercury	 electrode62.	 Through	 reduction	 of	 the	 carbonyl	 functional	 group,	
detection	 limits	of	12.5	pM	were	achieved	 in	universal	buffer.	However,	no	selectivity	 testing	was	
conducted	in	this	experiment	against	other	drugs	of	abuse	or	common	cutting	agents.	
A	study	conducted	by	Baron	et	al.	used	direct	detection	through	the	incorporation	of	aqueous	mercury	
chloride	 solutions	 to	 form	 unique	 drug	 related	 crystals.	 It	 has	 been	 applied	 to	 the	 detection	 of	
mephedrone,	BZP	and	MDAI63.	Each	of	these	compounds	form	specific	drug-reagent	crystals	within	
minutes	 of	 exposure,	 which	 can	 be	 visualised	 under	 high	 magnification	 using	 transmitted	 light	














One	traditional	 in-field	detection	mechanism	that	 is	popular	are	immunoassay	tests,	 in	part	due	to	
their	 selectivity.	 Randox	 Laboratories	 currently	 have	 a	 commercially	 available	 immunoassay	 for	
synthetic	 cathinones,	 which	 shows	 limits	 of	 detection	 between	 0.18	 and	 9.2	 μgL-1.	 However,	



































confirmed	 through	 common	 spectroscopic	 techniques.	 The	 same	 principles	 used	 for	 detection	 of	
traditional	drugs	can	be	applied	to	NPS.	By	designing	sensor	ligands	with	binding	sites	that	correspond	
to	specified	drugs,	 ligand-drug	complexes	will	be	formed	and	this	complex	can	be	detected	using	a	
chosen	 transducer	mechanism.	 An	 ideal	 mechanism	 for	 in-field	 drug	 detection	 is	 a	 visible	 colour	










are	 only	 stable	 at	 physiological	 pH	 and	 can	 be	 unpractical	 as	 in-field	 detection	 probes.	 It	may	 be	
possible	to	develop	a	small	molecule	ligand	sensor	that	mimics	the	selectivity	of	proteins,	by	extracting	
the	binding	data	from	protein-ligand	interactions.	The	idea	of	rationally	designing	a	biomimetic	sensor	
based	 on	 protein-ligand	 binding	 could	 help	 to	 overcome	 the	 problems	 associated	 with	 complex	
mixtures	found	in	samples,	by	ensuring	both	selectivity	and	sensitivity67,70.		
Known	 databases	 such	 as	 the	 Brookhaven	 Protein	 DataBank71	 can	 be	 utilised	 to	 help	 find	 ligand	
interactions	that	afford	good	relationships	with	selected	drug	molecules71.	This	has	the	possibility	to	
also	be	used	to	help	minimise	the	 interactions	with	competing	substances	 in	the	samples,	 thereby	
reducing	 the	 amount	 of	 time	 and	 money	 spent	 designing,	 synthesising	 and	 testing	 ligands	 that	










given	 the	 same	 principles	 it	 could	 theoretically	 be	 possible	 to	 map	 the	 binding	 features	 of	 the	














their	 relative	 positions	 in	 space	with	 respect	 to	 one	 another	 (Figure	 1.9)74.	 In	 order	 to	 develop	 a	























then	 be	 used	 to	mimic	 the	 binding	 site	 of	 the	 protein	 and	 synthesise	 a	 small	molecule	 host	 that	
encompasses	the	key	binding	features	of	the	desired	protein,	and	selectively	bind	the	analyte	e.g.	a	
cathinone.	 Producing	 a	 small	 molecule	 sensor	 that	mimics	 the	 selectivity	 of	 proteins	 can	 help	 to	





















Protein	 structure	 can	 be	 described	 in	 four	 levels:	 primary,	 secondary,	 tertiary	 and	 quaternary	








Their	complex	shapes	can	give	rise	to	pockets	and	cavities.	 It	 is	 in	such	cavities	that	protein-ligand	
binding	interactions	occur.	The	shape,	size	and	chemical	nature	of	these	cavities	determines	which	
ligands	can	bind,	based	on	the	potential	interactions	that	can	take	place80.	This	concept	is	described	




















π-π	 interactions,	 ionic	 interactions	 and	 hydrophobic	 interactions82.	 Hydrogen	 bonding	 occurs	 via	









place	can	be	determined	by	a	number	of	 factors.	Two	such	 factors	are	 the	groups	 involved	 in	 the	
interaction	and	the	orientation	of	the	two	aromatic	rings	may	favour	one	type	over	the	other85.	 In	
general,	 the	 edge/face	 orientation	 maximises	 the	 interaction	 between	 positive	 and	 negative	









between	 20	 -	 40	 kJ	 mol-1.	 Their	 strength	 is	 proportional	 to	 the	 distance	 between	 two	 charged	
interacting	funtionalities74.		

















is	 an	 online	 repository	 for	 three-dimensional	 structural	 data	 of	 large	 molecules.	 Experimentally	
derived	data	is	used	to	design	a	host	molecule	for	specific	compounds	of	interest.	There	are	two	main	










There	are	several	experimental	hurdles	 that	need	 to	be	overcome	 in	order	 to	obtain	a	3D	protein	
structure	using	X-ray	crystallography.	Firstly,	the	protein	needs	to	be	in	a	crystalline	state,	which	is	not	
















which	 may	 impact	 on	 binding	 sites.	 Any	 impact	 on	 the	 binding	 site	 needs	 to	 be	 taken	 into	
consideration	when	extracting	binding	data	for	the	pharmacophore	model.		
Once	a	crystal	is	produced	and	X-ray	crystallography	has	been	carried	out,	there	are	several	important	






















to	be	considered	on	a	case-by-case	basis	 in	 relation	to	 the	thermodynamic	stability	of	each	of	 the	
















Another	 validation	 criterion	when	establishing	 crystal	 structure	quality	 is	occupancy.	Occupancy	 is	






































when	 looking	at	NMR	data.	 It	 is	 essential	 for	 the	NMR	structure	 to	be	 carefully	examined	 for	 any	
abnormalities	that	may	arise.	For	example,	the	bond	lengths	and	angles	should	be	checked	as	they	

























Supramolecular	 chemistry	 is	 a	 term	 coined	by	 Jean-Marie	 Lehn101	meaning	 ‘chemistry	 beyond	 the	
molecule’102.	Individual	molecules	consist	of	atoms	joined	by	intramolecular	forces	such	as	covalent	
bonds;	 however,	 supramolecular	 chemistry	 makes	 use	 of	 intermolecular	 interactions	 such	 as	 π-
stacking,	hydrogen	bonding	and	electrostatic	forces	to	bring	molecules	together.	Aromatic	molecules	
can	stack	together	by	virtue	of	π-π	interactions,	while	hydrogen	bonding	allows	for	electronegative	
atoms	 in	 molecules	 to	 form	 strong	 bonds	 with	 protons	 in	 neighbouring	 molecules.	 Electrostatic	
interactions	 are	 individually	weaker	 interactions;	 however,	 they	 can	 allow	 for	 further	 interactions	
between	molecules.	Supramolecular	chemistry	encompasses	all	of	 these	 interactions	making	them	
perfect	candidates	for	use	as	sensing	molecules.	A	number	of	different	macrocyclic	molecules	have	









Supramolecular	 host	 molecules	 form	 host-guest	 complexes	 based	 on	 the	 principles	 of	 molecular	




important	 factor	 to	consider	when	designing	potential	host	molecules.	The	more	 interactions	 that	
make	up	the	binding	between	a	host	and	guest	the	stronger	the	complementarity	for	the	complex,	






guest	 interactions.	 Some	 of	 the	 most	 utilised	 macrocycles	 for	 molecular	 recognition	 include	
cyclodextrins,	 crown	 ethers	 and	 calixarenes	 (Figure	 1.16)68,103.	 For	 example	 Kubo	 et	 al.	 used	
functionalised	calixarenes	to	discriminate	between	different	enantiomers	of	amine	derivatives,	via	an	









They	 are	 therefore	 capable	 of	 ‘wrapping	 around’	 a	 guest	 molecule.	 This	 change	 in	 conformation	
requires	 more	 energy	 and	 therefore	 the	 host-guest	 complex	 needs	 to	 be	 more	 energetically	
favourable.	This	 can	 sometimes	allow	 for	a	more	 selective	host	molecule	as	 they	can	be	designed	
around	specific	guest	molecules103,	such	as	through	the	use	of	a	pharmacophore	model.	
There	are	multiple	ways	in	which	to	determine	binding	constants	of	host-guest	interactions.	Ideally	to	
determine	 the	 mechanism	 of	 binding	 an	 instrument	 that	 is	 sensitive,	 enabling	 reduced	 sample	




determining	 binding	 constants,	 including	 NMR,	 UV/Vis,	 fluorescence	 spectroscopy	 and	 mass	
spectrometry.	However,	not	all	of	them	are	capable	of	identifying	the	mechanism	of	binding.		
1.5.1 Detection	Mechanisms	for	Binding		


















and	 fast	 exchange.	 Slow	 exchange	 is	 normally	 seen	 for	 large	 molecules	 such	 as	 protein-ligand	

















also	 provide	 valuable	 information	 regarding	 the	 stoichiometry	 of	 binding.	 Such	 experiments	 are	
known	as	NMR	titrations.		
The	 advantage	 of	 NMR	 over	 optical	 spectroscopy	 for	 determination	 of	 binding	 constants	 is	 that	
valuable	information	as	to	which	groups	are	involved	in	the	binding	interaction	may	be	obtained.	This	





















(n).	 There	 are	 also	 antibonding	 orbitals	 involved	 in	 transitions,	 σ*	 and	 π*.	 The	 amount	 of	 energy	
absorbed	dictates	which	transition	will	be	brought	about.		
When	 these	 transitions	 occur	 there	 is	 an	 increase	 in	 energy	 of	 the	 promoted	 electron	 and	 this	
corresponds	to	a	wavelength	of	an	absorption	spectrum.	This	wavelength	is	inversely	proportional	to	
the	 change	 in	 energy	 of	 the	 orbitals	 involved	 (Equation	 1.3),	 where	 energy	 (E)	 is	 in	 kJ	 mol-1	 and	
wavelength	(λ)	in	nm.		
𝑬 = 	 𝟏.𝟏𝟗	𝒙	𝟏𝟎𝟓𝝀 														Equation	1.3	
Another	 equation	 that	 relates	 to	 UV/Vis	 analysis	 is	 the	 Beer-Lambert	 Law.	 This	 is	 particularly	
important	 when	 using	 this	 technique	 for	 quantitative	 binding	 studies.	 Beer’s	 law	 states	 that	 the	
absorption	is	proportional	to	the	number	of	absorbing	molecules111.	























before	hydrogen	bonding	 complexation,	 the	 red	 line	 indicated	 the	 same	 compound	 that	 is	 taking	part	 in	 a	 hydrogen	
bonding	interaction.	
Spectrophotometric	 measurements	 involve	 low	 sample	 volumes	 and	 are	 simple	 to	 carry	 out,	
therefore,	they	are	ideal	for	measuring	host-guest	interactions.	The	host	molecules,	however,	must	
























achieved	by	promoting	an	electron	 from	a	ground	 state	orbital	or	 the	highest	occupied	molecular	

























accepting	 moiety,	 most	 commonly	 hydrogen	 bonding.	 It	 is	 the	 coming	 together	 of	 occupied	 and	
unoccupied	orbitals	between	the	two	components	which	leads	to	an	energy	transfer	and	it	is	this	that	
can	be	detected	as	an	observable	energy	release	through	an	increase	in	the	intensity	of	the	emission	
spectrum.	 Fluorescence	 is	 a	 highly	 versatile	 technique	 that	 can	 be	 applied	 in	 real	 time,	 using	 low	
concentrations	of	 the	 sensor,	 and	 fluorescence	 emission	 can	be	 easily	 detected	using	 inexpensive	
instruments.		






Molecular	dynamics	 is	 a	 rapidly	 growing	 field,	providing	a	 link	between	 the	microscopic	nature	of	


























When	 studying	 host-guest	 interactions	 the	 free	 energy	 of	 the	 system	 is	 an	 important	 factor	 to	
evaluate,	 as	 it	 allows	 for	 quantification	 of	 the	 energy	 of	 complexation	 at	 any	 given	 point	 in	 a	




























achieve	 a	 full	 energy	 profile,	 which	 in	 turn	 results	 in	 a	 higher	 computational	 cost.	 Therefore,	 an	





guest	 molecule	 towards	 and	 away	 from	 the	 host	 within	 a	 given	 simulation	 radius.	 By	 using	 this	
approach	it	allows	for	the	guest	and	host	molecule	interactions	to	be	analysed	in	a	relatively	short	






























smaller	 system	 sizes	 and	 simulation	 times	 to	 within	 the	 tens	 of	 nanoseconds119,	 unless	 using	 a	
supercomputer.	Nevertheless,	without	increased	parametrisation	of	implicit	solvent	systems	to	take	














longer	 the	 processing	 time,	 as	 demonstrated	 in	 a	 case	 of	 predicting	 conformations	 of	 cyclo-	
hexapeptides121.	The	second	method	for	conformational	searching	is	the	Monte	Carlo	method,	which	
is	an	estimation	procedure122.	For	larger	molecules,	the	Monte	Carlo	method	is	a	good	alternative	to	
the	 systematic	 method.	 In	 the	Monte	 Carlo	 method,	 the	 position	 of	 atoms	 in	 the	molecules	 are	
randomly	changed	by	Cartesian	coordinates,	or	by	randomly	changing	the	dihedral	angle	of	bonds	in	
the	molecule.	This	generates	a	new	conformation	which	is	subsequently	minimised122.	The	process	is	







range	 of	 conformations	 that	 are	 representative	 of	 all	 the	 possible	 conformations	 for	 a	molecule.	
Monte	Carlo	methods	provide	a	good	approach	that	combines	both	efficiency	and	completeness.		
Once	identified,	the	minimum	energy	conformation	can	then	be	used	to	carry	out	metadynamics.	It	is	
possible	 to	 carry	 out	 these	 searches	 in	 a	 number	 of	 different	 environments	 e.g.,	 water,	
dimethylsulphoxide	(DMSO),	air	and	vacuum.	Therefore,	it	is	essential	to	select	the	environment	that	
approximates	 the	 conditions	 of	 the	 experimental	 work	 being	 conducted.	 For	 example,	 largely	
hydrophobic	compounds	are	likely	to	show	vastly	different	conformations	in	water	than	in	DMSO	or	
air	 due	 to	 hydrophobic	 effects.	 This	 must	 be	 taken	 into	 account	 when	 designing	 the	 method.	






a	molecule.	Sensors	applied	 in	 real	 life	are	 likely	 to	be	affected	by	 thermal	effects.	Therefore,	 it	 is	
important	to	understand	what	changes	may	occur	or	how	stable	a	predicted	conformation	is	when	
























The	 structure	 is	 then	 allowed	 to	 cool.	 The	 cooling	 process	 allows	 the	 structure	 to	 evolve	 to	 an	
energetically	favourable	final	structure,	which	may	differ	from	the	starting	one.	This	is	a	very	useful	
process	for	studying	the	relationship	between	conformations	and	thermal	energy	which	are	invaluable	
in	 understanding	 the	 stability	 of	 predicted	 conformations.	 It	 is	 of	 particular	 importance	 for	 host	
molecules	as	interactions	are	distance	(and	sometimes	direction)	dependent;	with	a	small	change	in	
conformation	 leading	 to	 unexpected	 changes	 in	 interactions	 with	 the	 guest	 molecule.	 The	
representative	conformation	determined	using	simulated	annealing	can	be	compared	to	the	results	
























due	 to	 their	 legal	 status	 and	 therefore,	 they	 will	 be	 studied	 to	 understand	 their	 composition.	
Aminoindane	internet	samples	will	be	fully	analysed	using	HPLC	and	GC-MS	to	determine	the	common	




an	 in-depth	 literature	 review	 regarding	 cathinone	 street	 sample	 composition.	 Naturally	 occurring	
protein-ligand	interactions	are	both	selective	and	sensitive,	and	therefore	by	taking	inspiration	from	
nature	 a	 rationally	 designed	 host	 molecule	 based	 on	 these	 interactions	 will	 be	 developed.	 The	
examination	 of	 protein-ligand	 interactions	 for	 cutting	 agents,	 drugs	 of	 abuse	 and	 endogenous	
psychoactive	 substances	with	 similar	 structures	 to	 both	 aminoindanes	 and	 cathinones	will	 ideally	
allow	 for	 the	development	of	 a	 three-dimensional	pharmacophore	model	 (Chapter	3).	A	 validated	
methodology	will	be	developed	 for	 this	analysis	 so	 that	 it	 is	possible	 to	apply	 such	work	 to	 future	
sensor	development	to	improve	selectivity	and	aid	in	the	design	of	potential	host	molecules.	In	order	


















potential	 host	molecules,	 full	 binding	 studies	will	 be	 carried	 out	 using	 a	 number	 of	 spectroscopic	
techniques	 including	NMR,	UV/Vis	and	fluorescence	spectroscopy.	Additionally,	mass	spectrometry	
will	 be	 used,	 as	 a	 confirmatory	 technique.	 This	 will	 allow	 for	 binding	 constants	 to	 be	 calculated	
between	 the	 host	 and	 guest	 molecules.	 Binding	 of	 the	 host	 molecule	 will	 be	 examined	 against	













Understanding	 the	 complex	matrix	 of	 new	psychoactive	products	 is	 important	 for	 considering	 the	
possible	difficulties	of	in-field	detection.	Not	only	is	it	essential	to	recognize	the	array	of	bulking	agents	
or	 cutting	agents	 that	may	be	present	 in	 street	 samples,	but	also	 the	concentrations	 in	which	 the	
active	ingredient	is	found.	This	will	help	to	determine	not	only	the	selectivity	required	but	also	the	
sensitivity	regarding	detection	limits.	Government	analysis	reports	have	shown	that	the	cutting	agents	









first	 important	 to	 understand	 first-hand	 the	 composition	 of	 products,	 to	 inform	 how	 a	 sensory	
molecule	must	work.	Cathinones	 are	 controlled	and	 consequently	 it	was	not	possible	 to	purchase	
them;	however,	aminoindanes	are	 legal	and	hence	they	are	still	commercially	available.	Therefore,	
aminoindane	 internet	 products	 were	 purchased,	 and	 subsequently	 analysed.	 The	 analysis	 of	
aminoindanes	still	has	the	potential	to	guide	the	design	of	the	cathinone	sensory	molecules,	as	well	
as	the	aminoindane	sensor	as	reports	from	Laboratory	of	the	Government	Chemist	(LGC)	have	shown	




Centre	 for	 Drugs	 and	 Drug	 Addiction	 (EMCDDA)	 are	 the	 aminoindanes128.	 Aminoindanes	 are	



















two	 products	 as	 part	 of	 a	 larger	 study32,44,47,132.	 A	 more	 comprehensive	 study	 looked	 at	 seven	
aminoindane	products	using	GC-MS	for	identification	purposes	only.	They	identified	MDAI	and	a	range	
of	 adulterants	 where	 one	 product	 was	 suspected	 to	 have	 unknown	 inorganic	 material40.	 On-site	
testing	 methods	 were	 investigated	 for	 aminoindane	 products	 using	 microcrystalline	 tests63,	




At	 present	 there	 remains	 a	 lack	 of	 information	 regarding	 the	 full	 chemical	 identification	 and	
quantification	 of	 NPS	 products,	 including	 aminoindanes.	 This	 lack	 of	 information	 regarding	 the	
aminoindane	class	means	it	 is	hard	to	identify	which	of	the	aminoindane	class	 is	most	prevalent	 in	
products,	making	it	difficult	to	identify	an	individual	target	for	a	sensory	molecule.	In	order	to	develop	
a	selective	sensory	molecule	it	is	important	to	understand	what	the	molecule	needs	to	be	selective	














































evaluate	 specificity,	 linearity	 accuracy,	 precision,	 LOD,	 LOQ,	 and	 robustness135.	 Specificity	 was	
evaluated	 by	 ensuring	 acceptable	 resolution	 between	 each	 aminoindane	 and	 caffeine	 at	 ≥	 2.	 The	
correlation	coefficient	was	used	to	determine	the	 linearity	(r2	≥	0.999).	The	accuracy	and	precision	
was	determined	using	known	concentrations	of	each	standard	at	high,	medium	and	low	levels	(n	=	6).	


























































P6:	MDAI	 8.94	±	0.03	 42,	50,	63,	91,	105,	116,	133	 132	(M-1)	
134	(M+1)	
2-AI	
P7:	MDAI	 12.27	±	0.05	 42,	63,	91,	118,	130,	149,	160,	177	 176	(M-1)	
178	(M+1)	
MDAI	











































showed	 a	 molecular	 ion	 peak	 of	m/z	 248	 which	 does	 not	 match	 with	 the	 molecular	 weight	 of	

















More	 worrying	 was	 the	 presence	 of	 an	 additional	 active	 ingredient,	 methiopropamine	 (MPA)	
molecular	ion	m/z	155;	in	combination	with	MDAI	in	Pink	Panther	(P9).	The	retention	time	of	MPA	
was	 found	 to	match	 the	standard,	with	 the	base	 ion	peak	at	m/z	155.	MPA	 is	a	new	psychoactive	
stimulant	that	is	structurally	related	to	methamphetamine	that	was	first	sold	in	the	UK	in	2010	under	
the	 name	 street	 name	 Blow137.	 Interestingly,	 Baron	 et	 al.	 also	 found	 the	 presence	 of	 MPA	 in	
combination	 with	 MDAI	 in	 Pink	 Panther	 samples	 they	 purchased	 in	 201147.	 The	 MPA/MDAI	
combination	is	now	commonly	seen	on	legal	high	websites	sold	under	the	product	name	M&M’s138.		
Blurberry	 was	 found	 to	 contain	 2-AI	 and	 caffeine,	 which	 are	 the	 reputed	 active	 ingredients.	 All	
branded	products	(P9-11)	claimed	to	contain	an	aminoindane,	although	they	did	not	state	which	one,	
















To	 date,	 GC-MS	 has	 proved	 to	 be	 the	 most	 commonly	 applied	 analytical	 method	 to	 determine	
aminoindane	 product	 content;	 however,	 this	 has	 been	 limited	 to	 identification	 only32,40,47.	 In	 this	
study,	a	liquid	chromatography	method	was	developed	to	quantify	aminoindane	derivatives	(i.e.,	2-
AI,	 5-IAI	 and	 MDAI),	 but	 also	 to	 investigate	 any	 non-volatile	 constituents.	 An	 initial	 HPLC	





to	 examine	 their	 chromatographic	 properties	 e.g.	 peak	 shape	 and	 tailing	 due	 to	 the	 amine	






































A	 large	 number	 of	 NPS	 contain	 at	 least	 one	 amino	 group	 including	 cathinones,	 tryptamines	 and	
cannabinoids.	Therefore,	the	application	of	this	method	in	terms	of	the	separation	of	amines	could	be	
wide	 reaching.	 In	addition	 to	 this	halogens,	have	become	a	 common	addition	 to	NPS	 structures41.	








The	 method	 was	 evaluated	 according	 to	 the	 International	 Conference	 on	 Harmonisation	 (ICH)	









































curves	heavily	weighted	at	 low	concentrations	have	 found	 that	using	 the	error	of	 the	 intercept	as	





		 2-AI	 MDAI	 Caffeine	 5-IAI	
tR	(min)	 1.04	±	0.01	 1.53	±	0.04	 3.12	±	0.04	 7.95	±	0.05	
LOD	(µgmL-1)a	 2.5	 2.9	 3.2	 3.2	
LOQ	(µgmL-1)b	 9.8	 7.6	 8.0	 9.6	
Precision	(%	RSD)	 	 	 	 	
0.025	mg	mL-1	 1.6	 2.4	 1.7	 3.2	
0.1	mg	mL-1	 0.88	 0.97	 0.36	 0.57	
0.5	mg	mL-1	 0.93	 0.73	 1.0	 0.56	
Accuracy	(%)	 	 	 	 	
0.025	mg	mL-1	 99	±	2	 160	±	2	 113	±	3	 62	±	3	
0.1	mg	mL-1	 87	±	2	 117.3	±	0.3	 107.3	±	0.5	 85	±	1	
0.5	mg	mL-1	 99	±	3	 109.4	±	0.7	 102	±	2	 97.2	±	0.7	









of	 product	 content	 found	 through	 GC-MS	 analyses	 as	 seen	 in	 Table	 2.3.	 By	 using	 the	 reference	
standards,	 they	were	 all	 confirmed	 to	be	 the	 same	 constituents	 as	 identified	by	GC-MS.	A	GC-MS	
library	search	matched	the	unknown	peak	in	P1	with	methylphenidate;	however,	when	the	standards	
were	examined	by	HPLC	the	retention	times	differed.	Methylphenidate	standard	was	found	at	8.67	
min	 while	 the	 unknown	 peak	 appeared	 much	 earlier	 at	 3.27	 min.	 The	 CI	 data	 from	 the	 GC-MS	
suggested	 that	 the	 compound	 could	 be	 ethylphenidate,	 despite	 the	 retention	 times	 not	
corresponding.	The	retention	time	for	ethylphenidate	on	HPLC,	using	the	same	method	was	found	to	



























P1:	2-AI	 3.27	±	0.01	 unconfirmed	 Unconfirmed	
3.20	±	0.02	 38.7	±	0.4	 Caffeine	
P2:	2-AI	 1.125	±	0.007	 88	±	1	 2-AI	
P3:	5IAI	 3.208	±	0.002	 22.9	±	0.6	 Caffeine	
1.656	±	0.002	 37	±	2	 MDAI	
P4:	5-IAI	 1.101	±	0.004	 67	±	1	 2-AI	
P5:	MDAI	 1.55	±	0.01	 35.1	±	0.5	 MDAI	
P6:	MDAI	 1.11	±	0.02	 94.4	±	0.8	 2-AI	
P7:	MDAI	 1.550	±	0.005	 93	±	2	 MDAI	
P8:	MDAI	 NA	 NA	 NA	















































HPLC.	 GC-MS	was	 used	 for	 primary	 identification	 of	 products.	 Electron	 ionisation	was	 carried	 out	
confirming	 the	 presence	 of	 four	 volatile	 organic	 components;	 caffeine,	 2-AI,	 MDAI	 and	MPA.	 An	
additional	 organic	 constituent	 was	 found;	 however,	 results	 were	 inconclusive	 as	 to	 the	 identity.	
Separation	of	all	four	peaks	was	achieved	using	an	XB-C18	column	giving	minimal	tailing,	reproducible	

















grown	 in	 the	predicted	manner.	Worth	mentioning	 is	 the	presence	of	2-AI	 in	 five	samples,	 four	of	
which	were	labelled	to	contain	other	drugs,	this	trend	has	not	previously	been	seen	and	is	important	











sensory	molecule	 for	mephedrone.	 Specifically,	 from	 this	 work	 it	 is	 clear	 that	 the	 street	 samples	
analysed	do	not	just	contain	the	advertised	constituents.	With	concentrations	as	low	as	17	%	for	active	
ingredients,	clearly	the	full	matrix	of	the	samples	needs	to	be	understood	when	designing	a	sensory	
molecule.	 Furthermore,	 the	most	 common	 cutting	 agent	 identified	was	 caffeine,	 so	 evidently	 the	
sensory	molecule	needs	to	be	selective	over	caffeine	to	prevent	any	false	positives.	With	36	%	of	the	
samples	 not	 containing	 the	 active	 ingredient	 advertised,	 it	 highlights	 the	 need	 for	 selectivity	 over	



































The	 concept	 of	 pharmacophore	 design	 for	 the	 development	 of	 drug	 molecules	 (guests)	 is	 well	




	This	pharmacophore	can	 then	be	used	as	 the	basis	 for	designing	a	 synthetic	host	molecule	which	
maps	these	points	and	mimics	the	binding	site.	As	previously	discussed,	proteins	are	large	complex	
macromolecules.	 To	 be	 sure	 that	 any	 interactions	 extracted	 for	 the	 pharmacophore	 model	 are	
credible,	it	is	important	to	understand	the	factors	that	can	affect	protein-ligand	binding.	There	are	five	
main	factors	that	need	to	be	considered	when	studying	proteins	for	pharmacophore	development;	B	




Given	 this	 information,	 the	 target	of	 interest	 for	 sensor	design,	and	 therefore	 the	pharmacophore	
model	is	mephedrone.	




















the	Government	 Chemist	 (LGC)	 drug	 intelligence	 bulletins,	 the	Advisory	 Council	 for	 the	Misuse	 of	
Drugs	(ACMD)	and	the	European	Monitory	Council	for	Drug	and	Drug	Addiction	(EMCDDA).	In	addition,	
serotonin	and	dopamine	were	included,	as	they	are	structurally	similar	to	mephedrone.	Paracetamol	






structural	names	as	well	 as	 any	 commonly	used	name	 that	were	 then	 searched	 for	 in	 the	Protein	
DataBank	(PDB).	All	hits	were	collated	into	a	spreadsheet	and	taken	forward	for	quality	control.			
3.2.2 Quality	Control	
Quality	 control	was	 performed	 to	 ensure	 that	 all	 data	 used	 in	 the	 pharmacophore	modelling	was	








It	 was	 also	 noted	 which	 type	 of	 experimental	 data	 was	 being	 reported	 i.e.	 NMR	 or	 X-ray	


























the	 relative	orientation	was	noted	 i.e.	 edge/face	or	 face/face.	 For	 hydrogen	bonding	 the	 angle	of	
interaction	was	also	recorded.		































were	noted.	The	most	 favourable	being	H-bonding	 followed	by	p-stacking	and	 finally	hydrophobic	
interactions.	 Binding	 sites	 for	 the	 same	 compound	 that	 lacked	 consensus	 in	 terms	 of	 their	
pharmacophores	 were	 discarded.	 Similar	 features	 were	 aligned	 and	 the	 pharmacophores	 were	
overlaid.	 Angles	 and	 distances	 of	 typical	 features	 between	 pharmacophores	 were	 measured	 and	
assessed.	 Using	 the	 similarities	 between	 the	 overlaid	 features	 a	 consensus	 pharmacophore	 was	
developed.	 This	 produced	 a	 3-point	 pharmacophore	 which	 was	 an	 amalgamation	 of	 each	 of	 the	




Mephedrone	was	 chosen	 as	 the	 guest	molecule	 of	 interest	 for	 sensor	 design,	 and	 therefore,	 the	
selection	 of	 guest	 molecules	 studied	 reflected	 this.	 The	 guest	 molecules	 selected	 fall	 into	 two	
categories;	molecules	that	the	sensor	must	be	selective	against,	and	therefore,	the	binding	features	
should	 be	 excluded	 from	 the	 pharmacophore	 design,	 and	 structurally	 related	 molecules	 to	
mephedrone,	whose	binding	properties	the	pharmacophore	model	should	reflect.	Selection	criterion	
for	the	inclusion	of	protein-ligand	interactions	in	the	spreadsheet	for	analysis	was	performed	through	
literature	 searches	of	 current	drugs	of	 abuse	and	 common	excipients	 that	have	been	 identified	 in	
mephedrone	 and	 also	 supported	 from	 the	 aminoindane	 study	 in	 Chapter	 2.	 Table	 3.1	 shows	 the	






































Compound	Identified	 Source	 Year	 Use	









Glucose		 LGC	–	Drug	Intelligence	Bulletin	 2011	 Bulking	agent		
LGC	–	Drug	Intelligence	Bulletin	 2012	
LGC	–	Drug	Intelligence	Bulletin	 2013	
Lactose	 LGC	–	Drug	Intelligence	Bulletin	 2011	 Bulking	agent		
LGC	–	Drug	Intelligence	Bulletin	 2012	
Europol-EMDCCA	Joint	Report	 2010	
Lidocaine	 Federal	Registration,	Department	of	Justice		 2011	 Anaesthetic	
Lignocaine	 LGC	–	Drug	Intelligence	Bulletin	 2011	 Anaesthetic	
LGC	–	Drug	Intelligence	Bulletin	 2012	
LGC	–	Drug	Intelligence	Bulletin	 2013	
Paracetamol	 LGC	–	Drug	Intelligence	Bulletin	 2012	 Analgesic		
LGC	–	Drug	Intelligence	Bulletin	 2013	
EMCDDA	–	Synthetic	Cathinones	Report	 2010	
Procaine	 LGC	–	Drug	Intelligence	Bulletin	 2011	 Anaesthetic	
LGC	–	Drug	Intelligence	Bulletin	 2012	
Sucrose	 LGC	–	Drug	Intelligence	Bulletin	 2011	 Bulking	agent		
LGC	–	Drug	Intelligence	Bulletin	 2012	
LGC	–	Drug	Intelligence	Bulletin	 2013	




Ephedrine	 Europol-EMDCCA	Joint	Report	 2010	 Mephedrone	
Precursor,	stimulant		
EMCDDA	–	Synthetic	Cathinones	Report	 2010	






ACMD,	Consideration	of	Cathinones	 2010	 Stimulant,	 drug	 of	
abuse	




Ephedrine,	 pseudoephedrine,	 lignocaine	 and	 benzocaine	 all	 failed	 to	 produce	 hits	 in	 the	 Protein	
Database	 and	 therefore,	 no	 direct	 protein-ligand	 binding	 information	 is	 available	 for	 these	











coupled	 receptors	 (GPCR)	 because	 of	 the	 difficulties	 in	 crystallizing	membrane-bound	 proteins156.	
There	are,	however,	a	number	of	hits	in	the	PDB	of	proteins	that	are	bound	to	serotonin	or	dopamine,	





























paracetamol	 and	 cocaine	 have	 been	 included	 as	molecules	 to	make	 the	 sensor	 selective	 against.	
Methamphetamine,	MDMA,	serotonin	and	dopamine	are	all	molecules	that	are	structurally	similar	to	




























































identified	and	recorded	including	the	residue	that	was	 interacting	and	the	 interatomic	distances	 in	











The	 experimental	 method	 was	 noted	 for	 all	 of	 the	 complexes,	 and	 for	 all	 37	 proteins	 X-ray	




resolution	 in	 this	 dataset	 at	 1.5	 Å.	 This	 means	 that	 it	 is	 possible	 to	 conclude	 that	 an	 observed	
interaction	at	a	distance	greater	than	1.5	Å	is	real,	within	the	constraints	applied	to	forming	the	crystal.	
Any	interactions	below	this	distance	cannot	be	verified	with	a	great	degree	of	certainty.	Given	that	













































PDB	Accession	Code	 Ligand	ID	 Resolution	(Å)	 Occupancy	of	1.0	
3G6M	 Caffeine	 1.65	 yes	
2A3B	 Caffeine	 1.9	 yes	
3DDW	 Caffeine	 1.9	 yes	
3DD1	 Caffeine	 2.57	 yes	
3GKZ	 Methamphetamine	 1.9	 yes	
2AJV	 Cocaine	 1.5	 yes	
1I7Z	 Cocaine	 2.3	 yes	
3GM0	 MDMA	 2.4	 yes	
1TYL	 Paracetamol	 1.9	 yes	
1TYM	 Paracetamol	 1.9	 yes	
2DPZ	 Paracetamol	 2.1	 yes	
2OCU	 Paracetamol	 2.38	 yes	
3DJI	 Paracetamol	 1.95	 yes	
3PY4	 Paracetamol	 2.42	 yes	
4A9J	 Paracetamol	 1.9	 yes	
4GN6	 Paracetamol	 2.42	 yes	
3ADV	 Serotonin	 2.27	 yes	
2QEH	 Serotonin	 2.1	 yes	
3BRN	 Serotonin	 2	 yes	
2YMD	 Serotonin	 1.96	 yes	
4DTZ	 L-Dopamine	 1.55	 yes	
2QMZ	 L-Dopamine	 2.1	 yes	
























interactions;	however,	 they	are	 the	most	numerous	and	 important	 for	 stabilising	 the	 ligand	 in	 the	
cavity	and	can	affect	the	residues	considered	in	the	cavity	for	pharmacophore	design.		
Before	analysis	all	proteins	were	prepared	systematically	to	ensure	that	any	problems	in	the	protein	












































Table	 3.4	 -	 Binding	 information	 for	 the	 9	 remaining	 protein-ligand	 complexes,	 with	 three	 primary	 interaction	 with	
distance,	angle	and	type	where	appropriate.	
Protein	 Ligand	 Interactions	 Residue	 Distance	 Angle	 Type	
2A3B	 A:CAFF	1435	 π-Stacking	 TRP384	 3.3Ǻ	 		 Face/Face	
H-bonding	 TRP137	 2.03Ǻ	 142.4˚	 		
Hydrophobic	 MET43	 3.68Ǻ	 		 		
B:CAFF	2435	 π-Stacking	 TRP384	 2.5Å	 		 Face/Face	
H-bonding	 TRP137	 2.09Å	 140.5˚	 		
Hydrophobic	 PHE76	 2.67Ǻ	 		 		
3DDS	 A:CAFF	904	 π-Stacking	 PHE285	 4.77Ǻ	 		 Face/face	
π-Stacking	 TYR613	 2.3Ǻ	 		 Edge/Edge	
Hydrophobic	 ALA610	 3Ǻ	 		 		
3DDW	 A:CAFF903	 π-Stacking	 PHE285	 2.6Ǻ	 		 Face/Face	
π-Stacking	 TYR613	 2.6Ǻ	 		 Face/Face	
Hydrophobic	 ALA610	 3Ǻ	 		 		
3DD1	 B:CAFF903	 π-Stacking	 PHE285	 2.6Ǻ	 		 Face/Face	
π-Stacking	 TYR613	 2.6Ǻ	 		 Face/Face	
Hydrophobic	 ALA610	 3Ǻ	 		 		
3GKZ	 A:500	Methamphetamine	 π-Stacking	 TRP232	 3.42Ǻ	 		 Edge/Face	
π-Stacking	 PHE237	 3.68Ǻ	 		 Edge/Face	
H-bonding	 GLU114	 1.66Ǻ	 176.5˚	 Side	chain		
3GMO	 A:B41	600	MDMA	 π-Stacking	 PHE237	 3.66Ǻ	 		 Edge/Face	
H-bonding	 GLU114	 1.76Ǻ	 161˚	 		
Hydrophobic	 TYR55	 3.46Ǻ	 		 		
2DPZ	 A:TYL2001	Paracetamol	 π-Stacking	 PHE5	 2.57Ǻ	 		 Edge/Edge	
π-Stacking	 HID48	 3.54Ǻ	 		 Edge/Edge	
Hydrophobic	 LEU	2	 2.36Ǻ	 		 		
3PY4	 A:TYL598	Paracetamol	 π-Stacking	 HID109	 3.5Ǻ	 		 Edge/Edge	
Positive	charge	 ARG255	 2.65Ǻ	 		 		
3NK2	 X:LDP433	
Dopamine	
H-bonding	 ASN166	 2.21Ǻ	 128.6˚	 		
Hydrophobic	 TYR407	 2Ǻ	 		 		












regions	 predicted.	 Figure	 3.5	 shows	 an	 example	 of	 a	 SiteMap	 produced	 for	 3GM0	 with	 MDMA	


























proteins	 that	cannot	be	mimicked	 in	a	 small	molecule	sensor.	 In	order	 to	achieve	 this	each	of	 the	















complexed.	This	 is	 true	for	all	of	 the	9	 ligand	complexes	studied,	with	caffeine	complexed	 in	2A3B	

























Using	 the	protein-ligand	complexes	 listed	 in	Table	3.5	 the	software	package	called	Maestro150	was	
used	to	build	a	pharmacophore	for	a	cathinone,	specifically	mephedrone.	The	pharmacophore	gives	
information	as	to	which	types	of	 interactions	can	be	utilised	to	facilitate	binding	in	a	cavity.	This	 is	







three	 interactions	 can	 be	 observed,	 one	 hydrogen	 bond	 and	 two	 p-stacking	 interactions.	 This	
information	was	extracted	and	compiled	to	develop	a	pharmacophore	for	MDMA	(Figure	3.9).	Due	to	
their	 structural	 similarities,	 selectivity	 between	 mephedrone	 and	 MDMA	 may	 prove	 challenging.	
Figure	3.8B	shows	how	the	size	of	the	binding	pocket	can	play	an	important	role	in	the	selectivity	of	














































The	 pharmacophore	 as	 seen	 in	 Figure	 3.11	 is	 a	 consensus	 of	 the	 five	 remaining	 crystallographic	
experimental	data	sets;	two	paracetamol	and	one	each	for	dopamine,	MDMA	and	methamphetamine	
(3GKZ,	 3GM0,	 2DPZ,	 3PY4	 and	3NK2).	 Each	of	 these	 four	 compounds	has	 structural	 similarities	 to	











All	 four	 of	 these	 ligands	 contain	 structural	 similarities;	 they	 all	 contain	 one	 aromatic	 ring	 and	 a	

















methamphetamine,	 two	 sterically	 similar	 compounds	 to	mephedrone	 contain	 the	 hydrogen	 bond	
interaction	in	the	same	orientation	to	the	hydrophobic	interactions.	Therefore,	this	geometry	for	the	
strongest	predicted	interaction,	the	hydrogen	bond,	is	reflected	in	the	final	pharmacophore.	The	π-





note	 was	 that	 all	 p-stacking	 interaction	 seen	 for	 the	 binding	 sites	 included	 were	 edge/face	
interactions.	These	 similarities	made	 it	 simpler	 to	compare	 the	 five	binding	 sites	and	measure	 the	

































This	 difference	 could	 be	 utilised	 in	 host	 molecule	 design	 to	 gain	 selectivity	 over	 caffeine.	 The	
remaining	five	complexes	were	used	to	design	the	final	3-point	pharmacophore.	Binding	features	from	
dopamine,	 MDMA	 and	 methamphetamine	 were	 used	 to	 make	 the	 pharmacophore	 selective	 for	
mephedrone,	while	selectivity	against	cutting	agents	was	identified	from	the	binding	information	for	
paracetamol.	Due	to	the	variability	in	binding,	ranges	were	used	for	both	the	angles	and	distances.	






with	 the	 benzyl	 group	 in	 mephedrone.	 The	 one	 binding	 feature	 that	 is	 not	 accounted	 for	 in	 the	
pharmacophore	 is	any	 interaction	with	the	carbonyl	 functionality,	due	to	 lack	of	binding	data.	The	
carbonyl	group	in	cathinones	is	what	makes	it	unique	to	the	amphetamine	class,	therefore,	to	obtain	
selectivity	 for	mephedrone	over	 amphetamines	 the	 pharmacophore	would	 ideally	 include	 binding	
features	that	would	interact	with	the	carbonyl.	This	is	a	natural	limitation	when	designing	a	sensor	in	
this	 way,	 i.e.	 when	 no	 experimental	 protein-ligand	 complexation	 data	 is	 available	 for	 the	 target	
compound.	 Thus,	 traditional	 synthetic	 host	 molecule	 design	 will	 be	 employed	 together	 with	 the	





the	 host	 design,	 such	 as	 steric	 size	 of	 the	 binding	 cavity.	 This	 information	 could	 help	 to	 improve	












was	not	deemed	necessary	 given	 its	 reduced	popularity.	 The	pharmacophore	model	 developed	 in	
Chapter	3	based	on	protein-ligand	interactions	(i.e.,	host-guest	interactions),	will	be	used	to	design	a	
number	 of	 host	 molecules.	 Using	 host-guest	 chemistry	 the	 synthesis	 of	 host	 molecules	 that	
encompass	 these	 pharmacophoric	 features	 to	 selectively	 bind	mephedrone	will	 be	 attempted.	 As	







patterns	 of	 small	 molecules	 with	 proteins	 to	 develop	 a	 pharmacophore.	 Based	 on	 this	
pharmacophore,	knowledge	of	supramolecular	host	molecules	was	applied	and	two	different	classes	
of	molecules	were	considered:	macrocyclic	calixarenes	and	acyclic	anthraquinones.	As	discussed	 in	
Chapter	 1,	 there	 are	 two	 main	 classifications	 for	 host	 molecules,	 flexible	 (acyclic)	 and	 rigid	
(macrocyclic)	scaffolds.	Both	have	their	own	unique	advantages	relating	to	interactions	and	enthalpy	
effects	of	binding.	Calixarenes	are	semi-rigid,	macrocyclic	molecules	with	a	pre-organised	nature	that	






Calixarenes	 are	 cyclic	 host	 molecules	 that	 are	 synthesised	 by	 condensation	 of	 para-substituted	
phenols	 with	 formaldehyde103.	 They	 form	 three	 dimensional	 bowl	 structures	 with	 hydrophobic	
cavities	that	can	encapsulate	smaller	molecules	or	ions.	They	come	in	a	number	of	ring	sizes,	with	the	






















been	 conducted	 looking	 at	 the	 effects	 of	 different	 substituents,	 their	 effects	 on	 the	 calixarene	



















of	 possible	 substitutions,	 that	 makes	 them	 very	 versatile	 with	 respect	 to	 host-guest	 complex	








selective	 substitution	 of	 the	 lower	 rim	with	 bulky	 functional	 groups	 such	 as	 isopropyl	 and	 benzyl	
functionalities164.	The	 larger	 the	number	of	units	 in	 the	calixarenes	 the	harder	 it	 is	 to	 fix	 the	cone	




Anthraquinones	 are	 a	 class	 of	 naturally	 occurring	 molecules	 based	 on	 the	 9,10-anthraquinone	
skeleton	(Figure	4.3).	They	are	some	of	the	most	widely	used	polycyclic	systems	in	both	nature	and	
technology	 due	 to	 their	 unique	 physical	 properties168.	 The	 unique	 fluorescence	 properties	 of	













Substituted	 anthraquinones	 are	 flexible	 with	 no	 pre-organised	 nature.	 They	 are	 synthesised	 via	
oxidation	of	anthracene,	typically	using	chromium	trioxide	as	the	oxidant170.	Anthraquinone	analogues	
are	most	commonly	 substituted	 in	 the	4-	and	5-	position;	however,	 the	 literature	surrounding	 the	
anthraquinones	show	that	substitution	is	not	limited	to	the	these	positions.	By	altering	not	only	the	
substituents	but	also	 the	position	of	 substitution	around	 the	anthraquinone	 scaffold	 the	potential	
binding	cavity	can	be	adjusted.	Dhananjeyan	et	al.	examined	the	synthesis	of	a	range	of	anthraquinone	
analogues,	 and	 their	 biological	 properties169.	 Mariappan	 et	 al.	 reported	 a	 number	 of	 synthesised	











The	 aim	 of	 this	 chapter	 is	 to	 synthesise	 a	 host	molecule	 to	 selectively	 bind	mephedrone	 using	 a	
supramolecular	approach	which	is	based	on	the	key	pharmacophoric	features	determined	in	Chapter	
3.	The	host	molecules	have	been	designed	on	their	ability	to	bind	mephedrone	but	not	the	related	
methamphetamine	 and	 commonly	 used	 cutting	 agents	 such	 as	 caffeine	 and	 lidocaine.	 Two	 host	
molecule	scaffolds	are	being	explored,	macrocyclic	calixarenes	and	the	more	flexible	anthraquinones	


















be	 substituted	with	 urea	 (calixarene)	 or	 thiourea	 (anthraquinone)	moieties,	 attached	 to	 aromatic	
functionalities.	Urea/thiourea	groups	can	act	as	both	a	hydrogen	bond	donor	and	acceptor,	which	
based	on	the	deduction	in	Chapter	3	will	be	beneficial	in	the	binding	of	host	molecules.	Due	to	a	lack	

















All	 solvents	 used	were	obtained	 from	Fisher	 Scientific,	 Pittsburgh,	USA.	All	 chemical	 reagents	 and	
deuterated	solvents	for	NMR	analysis	were	purchased	from	Sigma	Aldrich,	Montana,	USA,	with	the	
exception	of	4-tert-butylcalix[4]arene	which	was	purchased	from	Sigma	Aldrich,	Gillingham,	UK.	Thin	











Fourier	 transfer	 infrared	 spectra	 (FT-IR)	 were	measured	 over	 the	 range	 of	 4000-400	 cm-1	 using	 a	
Nicolet	Nexus	470	FTIR	paired	with	a	Smart	Orbit	ATR	attachment.	The	characteristic	functional	groups	
are	reported	in	wavenumbers	(cm-1),	and	are	described	as	weak	(w),	medium	(m),	strong	(s),	and	very	
strong	 (vs).	 Unless	 otherwise	 stated	 TLC	 was	 carried	 out	 using	 a	 mobile	 phase	 of	 ethyl	 acetate:	















































detected	by	TLC,	 the	reaction	was	cooled,	and	potassium	hydroxide	 (1M)	was	added	to	adjust	 the	





































4-tert-Butylcalix[4]arene	 ((8),	 53	 mg,	 0.06	 mmol),	 phenol	 (0.027	 mL,	 1.07	 gmL-1,	 0.3	 mmol)	 and	
anhydrous	aluminium	trichloride	(75	mg,	0.3	mmol)	were	taken	up	in	toluene	(15	mL)	and	stirred	at	
room	 temperature.	 The	 solution	 went	 from	 clear	 to	 yellow	 after	 a	 few	 hours,	 and	 after	 stirring	

































standing.	 The	 reaction	 mixture	 was	 dissolved	 up	 in	 ethyl	 acetate,	 and	 separated	 via	 column	













































(1:3,	 20	 mL)	 and	 refluxed.	 After	 three	 hours	 a	 new	 spot	 was	 visible	 on	 the	 TLC	 as	 well	 as	 the	
anthraquinone	starting	material.	The	reaction	was	monitored	by	TLC	for	28	hours,	starting	material	


















































up	 in	 ethyl	 acetate	 and	 purified	 via	 column	 chromatography	 using	 silica	 gel	 and	 ethyl	 acetate:	






















































































extracted	with	 aqueous	 hydrochloric	 acid	 (5	%,	 3	 x	 50	mL).	 The	 combined	 aqueous	 extracts	were	
washed	with	diethyl	ether	(2	x	50	mL).	The	combined	aqueous	extracts	were	made	basic	(pH	9-10)	
































DCM	 was	 used	 due	 to	 the	 insolubility	 of	 compound	 (4)	 in	 aqueous	 media,	 however	 the	 starting	
material	 was	 still	 not	 completely	 soluble	 in	 the	 reaction	mixture.	 After	 2	 hours	 the	 reaction	 was	








In	 order	 to	 introduce	 the	 urea	 functionalities,	 reduction	 of	 the	 nitro	 groups	 is	 required.	 Several	
alternative	 reaction	 conditions	 were	 examined	 for	 the	 reduction.	 There	 is	 currently	 no	 literature	
associated	with	this	reaction	using	calixarenes	and	therefore	known	reduction	conditions	for	different	
compounds	were	attempted.	The	first	attempt	was	using	tin	(II)	chloride,	in	ethanol.	NMR	analysis	of	
the	 reaction	product	 showed	no	evidence	 for	 formation	of	 the	 required	compound.	Another	well-
known	reductive	procedure	is	palladium	on	carbon,	which	was	carried	out	using	isopropyl	alcohol	as	
the	solvent	under	reflux.	The	starting	calixarene	(compound	(6))	did	not	appear	to	completely	dissolve	
in	 this	 solvent	 under	 reflux	 and	 the	 starting	material	 was	 isolated	 upon	work	 up	 of	 the	 reaction	
mixture.	The	reaction	conditions	used	for	the	reduction	of	the	nitroanthraquinones	was	a	solution	of	
ethanol	 and	 four	 equivalents	 of	 sodium	 sulphide.	 Compound	 (6)	 was	 not	 soluble	 in	 this	 reaction	
mixture,	even	under	reflux	conditions,	and	a	small	amount	of	DMSO	was	added	to	the	mixture	to	aid	
solubility.	 This	 allowed	 the	 reaction	 to	 proceed,	 however	 the	 presence	 of	 the	 DMSO	 proved	













Compound	 (3)	 was	 substituted	 in	 the	 1-	 and	 3-	 positions	 with	 benzoyl	 groups,	 using	 2	 molar	
equivalents	 of	 benzoyl	 chloride	 (Scheme	 4.21).	 Splitting	 of	 the	 CH2	 protons	 in	 the	 NMR	 analysis	
showed	 symmetrical	 substitution,	 indicating	 that	de-tert-butylation	occurred	on	 just	 the	1-	 and	3-	
positions	on	the	upper	rim.	Then	de-tert-butylation	was	carried	out	as	described	previously;	however,	







The	 1H-NMR	 spectrum	 corresponds	 to	 that	 reported	 in	 the	 original	 paper174.	 The	 synthesis	 of	
compound	(23)	was	repeated	successfully	multiple	times	and	consistently	produced	20	%	yields	of	the	
desired	product,	this	 is	significantly	 lower	than	the	65	%	reported	in	the	literature174.	The	nitration	







Given	 the	unsuccessful	 synthesis	of	 the	calixarene	derivative,	 in	part	due	 to	 the	 insolubility	of	 the	








the	 ability	 to	 both	donate	 and	 accept	 hydrogen	bonds,	which	 is	 ideal	 for	 the	 amine	 and	 carbonyl	
functionalities	 in	 mephedrone.	 The	 two	 benzyl	 groups	 are	 positioned	 to	 act	 as	 the	 π-stacking	
interactions	 present	 in	 the	 pharmacophore	model.	 The	 anthraquinone	 is	 an	 ideal	 scaffold	 for	 an	
optical	sensor.	The	flexibility	of	the	structure	may	allow	for	the	two	arms	to	rearrange	themselves	
around	mephedrone	 for	 binding,	 this	 is	 one	 of	 the	 advantages	 of	 an	 acyclic	 supramolecular	 host	
molecule	over	the	macrocyclic	calixarenes.		
The	proposed	reaction	scheme	for	the	synthesis	of	1,8-dibenzylthiourea	anthraquinone	((2);	Scheme	



































































conformers,	 which	 has	 been	 reported	 previously	 for	 a	 number	 of	 dithiourea	 substituted	


























progresses.	 For	 this	 reason	 ethanol	was	 used	 to	 observe	 the	 effect.	 The	 reaction	was	 refluxed	 in	
ethanol	for	two	hours,	in	the	absence	of	base.	After	two	hours	the	reaction	mixture	was	cooled	in	ice	
and	filtered,	successfully	yielding	compound	(14)	a	dark	brown	solid	with	a	yield	of	80	%.	1H-NMR	of	
























carried	 out	 in	 the	USA,	mephedrone	 could	 not	 be	 used	 at	 this	 point	 due	 to	 licencing	 restrictions.	
Therefore,	the	precursor	to	mephedrone,	4-methyl	propiophenone	(compound	(19))	was	initially	used	




























systematically	evaluate	 the	 interactions	points	of	 the	host	molecule	which	may	be	 responsible	 for	
binding	 the	 guest.	Given	 that	 compound	 (14)	 showed	promising	 results,	 a	model	 host	 sensor	was	
synthesised	 which	 will	 be	 examined	 alongside	 compound	 (14)	 in	 Chapter	 5.	 Compound	 (16)	 was	























The	 original	 target	 host	 molecule,	 1,8-dinaphthylthiourea	 anthraquinone	 (2)	 was	 not	 successfully	
synthesised.	This	was	likely	due	to	the	strength	of	the	hydrogen	bonding	between	the	carbonyl	and	
amine	functionalities	in	the	intermediate	step	of	the	synthetic	pathway,	making	the	compound	too	
unreactive	 to	 undergo	 reactions	 to	 form	 the	 thiourea	 functionality.	 However,	 by	 reducing	 the	
anthraquinone	 to	 an	 anthracene	 moiety	 it	 allowed	 the	 reaction	 to	 proceed	 due	 to	 the	 lack	 of	
intramolecular	hydrogen	bonding	between	the	carbonyl	and	the	amine	functionalities.	The	reduction	
of	the	anthraquinone	does	not	alter	the	binding	site	in	relation	to	the	pharmacophore	model,	as	the	






the	host	and	guest	molecules,	with	 the	hydrogen	bonding	causing	a	downfield	 shift	of	 the	proton	
signals	of	the	amine	groups	on	the	host	molecule.	Compound	(19)	varies	from	mephedrone	by	the	








The	 final	 aim	of	 the	host	 is	 to	produce	an	optical	 sensor	 that	 can	be	used	 in	 the	 field.	 Therefore,	
additional	 optical	 techniques	 such	 as	 UV/Vis	 and	 fluorescence	 spectroscopy	 will	 also	 be	 used	 to	
examine	the	binding	affinity	between	the	host	and	mephedrone.	Selectivity	is	also	very	important,	as	














such	 as	 hydrogen	 bonding,	 hydrophobic	 interactions	 and	p-stacking,	 the	 same	 techniques	 can	 be	
applied	to	small	molecules85,191.	There	are	a	number	of	detection	techniques	used	for	monitoring	host-
guest	 binding.	 They	 all	 have	 their	 own	 unique	 advantages	 and	 disadvantages.	 For	 example	 NMR	
provides	valuable	information	regarding	the	specific	atoms	that	are	involved	in	the	interactions,	but	
it	is	not	very	sensitive	and	therefore	requires	high	sample	concentrations.	Optical	techniques	such	as	





Ideally	 for	 use	 in	 in-field	 detection	 Probe	 1	 will	 produce	 an	 optical	 change	 upon	 binding	 to	
mephedrone,	e.g.	a	colour	change.	Fluorimetry	or	UV/Vis	spectroscopy	techniques	can	be	applied	to	
observe	 and	 quantify	 an	 optical	 change	 upon	 binding.	 This	 is	 why	 an	 anthracene	 unit	 is	 an	 ideal	
functional	group	 for	 the	host	molecule,	as	 it	 is	 known	 to	be	a	good	 fluorophore	 for	use	 in	optical	
spectroscopy	techniques192.		














𝜹𝑬[𝝆 𝒓 ]𝜹𝝆(𝒓) 𝑽𝒆𝒙𝒕	 = 	𝝁									Equation	5.1	
Currently	DFT	 calculations	 remain	 the	 primary	method	 for	 studying	 ground	 state	 complexation	 of	
matter	in	silico.	To	solve	Equation	5.1	for	a	given	system	a	self-consistent	approach	is	taken.	An	initial	
estimation	of	density	 is	applied	to	the	equation	to	produce	a	set	of	orbitals	which	leads	to	a	more	
accurate	 determination	 of	 the	 density,	 which	 is	 used	 for	 the	 second	 iteration	 and	 so	 on	 until	
convergence	is	achieved114.	DFT	calculations	allow	for	an	estimation	of	not	only	the	energy	of	a	system	






detection.	 As	 previously	 discussed,	 certain	 cutting	 agents	 and	 excipients	 are	 more	 common	 in	








Figure	 5.1	 -	 Chemical	 structure	 of	 selected	 cathinones,	 chemical	 analogues	 and	 common	 cutting	 agents	 studied	 A.	
mephedrone	B.	flephedrone	C.	mephedrone	precursor	D.	methamphetamine	E.	caffeine	F.	paracetamol	G.	benzocaine	
and	H.	lidocaine.	
The	aim	of	 this	work	 is	 to	test	 the	host	molecule	developed	 in	Chapter	4	against	 the	target	guest,	
mephedrone,	 and	 to	 study	 selectivity	 against	 chemical	 analogues	 and	 common	 cutting	 agents.	 In	
order	to	fully	study	host-guest	binding	interactions	a	number	of	techniques	were	employed,	nuclear	
magnetic	 resonance	 (NMR),	 UV/Vis	 spectroscopy,	 mass	 spectrometry	 (MS)	 and	 fluorimetry.	 NMR	
spectroscopy	 will	 be	 used	 to	 study	 the	 specific	 functional	 groups	 involved	 in	 possible	 host-guest	
interactions,	while	MS	will	be	used	as	a	confirmatory	technique	to	ensure	binding	is	occurring	between	


























0.1	 eq.	 of	 drug	 to	 probe)	were	 added	 and	 a	 1H-NMR	 spectrum	was	 recorded	 after	 each	 addition.	




A	 conformational	 search	was	 carried	 out	 for	 Probe	 1	 alone	 and	 the	 Probe	 1-guest	 complex	 using	
Hyperchem	 8.10	 and	 OPLS	 force	 field.	 The	 five	 lowest	 energy	 structures/complexes	 that	 were	
conformationally	 different	 were	 subjected	 to	 PM7	 calculations	 using	 MOPAC2012,	 B3LYP	 6-










































direct	 injection	 using	 an	 ESI	 source.	 For	 analysis	 of	 the	 Probe	 1	 and	 mephedrone,	 10	 eq.	 of	
mephedrone	freebase	were	added	to	a	0.5	mg	mL-1	solution	of	Probe	1	in	acetone.	Formic	acid	(1	
%	v/v)	was	added	to	each	sample	as	an	ionizing	agent	before	injection.	An	additional	experiment	
was	performed	where	20	µl	 of	deuterated	water	was	added	 to	 the	mephedrone	and	Probe	1	





































As	 previously	 discussed	 in	 Chapter	 1,	 mephedrone	 is	 most	 commonly	 found	 in	 the	 form	 of	 a	
hydrochloride	 salt.	 Anions,	 such	 as	 chloride,	 are	 known	 to	 be	 strong	 hydrogen	 bond	 acceptors103.	
Thioureas	have	been	incorporated	into	the	host	design	due	to	their	hydrogen	bonding	abilities	and	
therefore,	it	needs	to	be	determined	whether	any	interference	from	the	chloride	binding	could	impair	





The	 1H-NMR	 titration	 of	 Probe	 1	 against	 TBACl	 is	 shown	 in	 Figure	 5.3.	 When	 looking	 at	 binding	






























Figure	5.3	 shows	 that	 Probe	1	has	 a	 good	affinity	 for	 chloride	 ions,	which	needs	 to	be	 taken	 into	
account	when	looking	at	mephedrone	hydrochloride,	as	well	as	other	constituents	in	products	that	














reduction	 of	 the	 amine	 group	 causing	 new	 peaks	 to	 appear	 in	 the	 alkyl	 region	 of	 the	 spectra	
(highlighted	by	the	red	circle).	Given	that	significant	degradation	is	only	seen	from	18	hours,	it	was	
concluded	that	mephedrone	freebase	is	stable	enough	to	conduct	binding	studies	assuming	that	it	is	






same	as	 the	 anion	experiments	 at	 20	mM	 in	 acetone-d6	 for	 continuity.	 Thirteen	data	points	were	











Both	NH	 groups	 from	Probe	1	 shift	 downfield	 upon	 addition	of	mephedrone.	 This	 is	 due	 to	 them	
hydrogen	bonding	with	mephedrone,	one	with	the	carbonyl	and	another	with	the	amine	functionality.	
Both	 the	 NH	 groups	 of	 Probe	 1	 move	 a	 total	 of	 2.1	 ppm	 each	 upon	 the	 addition	 of	 ten	 eq.	 of	


































































To	 study	 how	 the	 choice	 of	 solvent	 affects	 binding	 affinity,	 the	 same	 titration	 experiment	 was	
conducted	in	DMSO.	This	was	also	carried	out	to	gain	more	experimental	data	to	help	with	correlation	











hydrogen	 bonding	 increases	 the	 solvation	 energy	 barrier	 that	 host-guest	 interactions	 need	 to	
overcome,	 therefore	usually	decreasing	 the	association	 constant.	Consequently,	no	 interaction	 for	
mephedrone	and	Probe	1	is	seen	when	DMSO	is	used	as	the	experimental	solvent.	This	confirms	that	





analogue	 was	 studied.	 Flephedrone	 was	 chosen	 as	 a	 comparison	 cathinone	 as	 it	 differs	 from	
mephedrone	by	only	the	4-fluoro	motif	(Figure	5.1),	and	could	provide	valuable	information	into	how	
a	small	structural	change	could	affect	binding	and	consequently	selectivity.		





























detection	 mechanisms	 in	 the	 literature	 fail	 to	 adequately	 distinguish	 between	 the	 two61	 due	 to	






















Methamphetamine	 differs	 from	 mephedrone	 by	 a	 carbonyl	 and	 tolyl	 moiety,	 and	 therefore	 still	
contains	two	of	the	three	binding	points	identified	in	mephedrone.	It	has	already	been	determined	
from	studying	4-methyl	propiophenone	in	Chapter	4,	that	binding	can	still	be	observed	on	removal	of	
the	 amine	 functionality,	 however	 with	 a	 significantly	 reduced	 association	 constant.	 By	 studying	
methamphetamine	binding	with	Probe	1	further	understanding	on	how	the	removal	of	the	carbonyl	
functionality	effects	binding	can	be	established.		













Current	 literature	 reporting	 sensory	mechanisms	 for	mephedrone	 have	 shown	 no	 selectivity	 over	









































































Further	 information	 into	 how	 mephedrone	 and	 flephedrone	 bind	 to	 Probe	 1	 could	 be	 achieved	






In	 order	 to	 aid	 in	 the	 rationalisation	 of	 the	 binding	 interactions	 seen	 using	 1H-NMR	 between	
















∆𝑬 = 𝑬𝒄𝒐𝒎𝒑𝒍𝒆𝒙	 − 𝑬𝒇𝒓𝒆𝒆	𝒉𝒐𝒔𝒕 + 𝑬𝒇𝒓𝒆𝒆	𝒈𝒖𝒆𝒔𝒕 					Equation	5.2	





molecule	 reorganises	 to	encompass	mephedrone	 into	 the	binding	site.	The	deformation	energy	of	




















163.15°,	 which	 lie	 within	 the	 ideal	 dimensions	 for	 hydrogen	 bonding159.	 Given	 that	 in	 the	 NMR	
titrations	both	NH	groups	shift	in	the	same	proportions	upon	binding,	it	would	make	sense	that	they	
are	binding	concurrently,	 i.e.	binding	occurring	 in	a	consensus	 fashion.	The	DFT	calculations	are	 in	
good	agreement	with	the	NMR;	that	the	benzyl	group	on	the	mephedrone	doesn’t	interact,	and	that	
it	 is	the	methine	of	the	chiral	carbon	in	mephedrone	that	has	a	π-interaction	with	proton	9	on	the	



















with	 Probe	 1	 to	 generate	 a	minimum	 energy	 conformation	 of	 the	 complex.	 Despite	 the	 chemical	













flephedrone	 is	 different	 to	 that	 seen	 for	 mephedrone,	 with	 just	 two	 interactions	 present;	 one	
hydrogen	bond	between	NH(1)	and	the	carbonyl	of	mephedrone	and	a	p-stacking	interaction	between	





To	 further	 investigate	 the	 interactions	 observed	 using	 NMR,	 verification	 of	 binding	 as	 well	 as	








































































As	previously	discussed	 the	primary	aim	of	 this	work	 is	 to	produce	an	 in-field	detection	probe	 for	
mephedrone.	One	of	the	simplest	ways	to	achieve	this	is	through	an	optical	change	upon	binding	i.e.	
a	colour	change	upon	addition	of	the	drug	to	a	solution	of	the	host	molecule.	From	the	NMR	and	MS	
















372	 and	 392	 nm207.	 The	 three	 peaks	 are	 not	 as	 distinct	 as	 they	 would	 be	 for	 an	 unsubstituted	
anthracene.	 It	 has	 previously	 been	 shown	 that	 the	 absorbance	 spectrum	 of	 anthracene	 is	 greatly	
affected	by	the	choice	and	position	of	substituents	on	the	ring207.	There	is	an	overlap	between	spectra	
of	mephedrone	 and	 Probe	 1	 from	330-410	 nm,	which	was	 taken	 into	 account	when	 studying	 the	
change	in	absorbance	caused	by	the	addition	of	mephedrone	to	Probe	1.	A	full	UV/Vis	titration	was	
































addition	of	mephedrone.	 In	order	 to	 see	a	 change	 in	 the	absorbance	 spectrum	of	Probe	1	due	 to	
mephedrone,	there	needs	to	be	an	interaction	between	the	absorbing	chromophore	in	Probe	1,	which	
given	the	spectrum	of	Probe	1	would	be	an	interaction	with	anthracene	moiety	and	mephedrone.	The	
DFT	 calculations	 and	 NMR	 experiments	 indicate	 that	 there	 is	 only	 a	 small	 interaction	 occurring	















































































The	 fluorescence	spectra	of	mephedrone	and	Probe	1	were	collected	separately	 to	determine	 the	
emission	 profile	 of	 both	 molecules,	 mephedrone	 was	 found	 to	 not	 fluoresce	 (Figure	 5.22)	 at	 an	
excitation	wavelength	of	392	nm.	This	means	 that	only	 the	emission	of	Probe	1	can	be	studied	 to	
understand	binding	 interactions.	Commonly	 the	absorbance	λmax	of	Probe	1	would	be	used	as	 the	
excitation	wavelength	for	studying	fluorescence,	to	ensure	the	best	sensitivity.	As	seen	in	Figure	5.19	
























































mephedrone,	 it	 is	 not	 unexpected	 that	 once	 again	 no	 interaction	 that	 causes	 an	 optical	 signal	 is	
occurring	in	the	same	molar	ratios	as	seen	for	NMR	analysis.		
For	 all	 experiments	 conducted	 thus	 far	 mephedrone	 freebase	 was	 made	 up	 to	 concentration	 in	
































There	 appears	 to	 be	 competing	 binding	 mechanisms	 occurring	 in	 the	 excited	 state,	 which	 are	
concentration	 dependent.	 As	 previously	 discussed	 (Chapter	 1),	 for	 the	 fluorescence	 intensity	 to	
increase	 there	must	 be	 one	 of	 two	 things	 occurring,	 charge	 transfer	 or	 FRET,	 i.e.	 there	 must	 be	
intermolecular	 energy	 transfer	 occurring	 between	 the	 host	 and	 guest192.	 If	 the	 lone	 pairs	 of	 the	
thioureas	are	donating	to	the	anthracene	ring	in	Probe	1	then	it	is	possible	that	upon	binding	to	the	









second	 red	 line	 indicates	 the	 first	 addition	 of	 mephedrone,	 and	 the	 top	 red	 line	 indicates	 the	 second	 addition	 of	










(i.e.	 fluorescence	 goes	 up	 on	 the	 first	 addition	 of	 mephedrone	 irrespective	 of	 the	 concentration	
added),	450	eq.	of	mephedrone	freebase	was	added	directly	to	the	solution	of	Probe	1.	The	intensity	
immediately	decreased	upon	addition,	showing	that	the	increase	and	subsequent	decrease	seen	in	





these	 two	 techniques	 currently	does	not	 correlate.	 In	order	 to	bridge	 the	gap	between	 these	 two	
techniques	and	understand	 if	 the	change	seen	 is	due	to	different	concentrations	used	 for	 the	 two	
techniques,	serial	dilutions	of	mephedrone	freebase	in	acetone	were	prepared	and	multiple	titration	
experiments	 were	 conducted.	 Interestingly,	 for	 all	 the	 dilution	 experiments,	 irrespective	 of	
concentration,	the	fluorescence	intensity	quenched	after	each	addition	(Figure	5.26).	This	is	contrary	











After	 completing	 a	 series	 of	 experiments	 using	 fluorescence	 to	 study	 the	 binding	 between	
mephedrone	and	Probe	1	in	a	wide	range	of	molar	equivalents	(15	to	1950	eq.).	It	is	clear	that	binding	
at	high	concentrations	induces	an	optical	response	upon	binding	between	Probe	1	and	mephedrone.	








chosen.	 This	 is	 to	 correlate	 with	 the	 maximum	 absorbance	 of	 Probe	 1	 observed	 in	 the	 UV/Vis	

























lead	 to	 an	optical	 response,	 the	 same	was	 attempted	 for	 flephedrone.	Upon	 the	 addition	of	 neat	
flephedrone	freebase	there	is	a	clear	optical	response	(Figure	5.28).	The	bottom	red	line	indicates	the	







150	 eq.,	 which	 is	 contrary	 to	 the	 results	 seen	 for	 both	MS	 and	 NMR.	 As	 with	 mephedrone,	 the	
mechanism	 causing	 this	 unique	 binding	 isotherm	 is	 not	 fully	 understood.	 This	 change	 in	 the	
mechanism	of	binding	between	NMR	and	fluorimetry	may	be	caused	by	a	shift	in	the	equilibrium	at	
increased	concentrations	of	guest	saturating	Probe	1	and	therefore	binding	in	a	different	way.	Unlike	
with	 mephedrone	 there	 is	 no	 red	 shift	 seen	 for	 the	 emission	 spectrum	 upon	 addition	 of	 neat	






































of	 Probe	 1	 against	 the	most	 common	 cutting	 agents	 that	 could	 be	 present	 in	 the	 street	 samples	





















Figure	 5.29	 -	 Chemical	 structures	 of	 four	 common	 cutting	 agents,	 A.	 benzocaine	 B.	 caffeine	 C.	 paracetamol	 and	 D.	
lidocaine.	















it	 is	not	surprising	that	no	 interaction	 is	seen.	The	DFT	calculations	show	a	very	 large	deformation	
energy	 for	Probe	1	upon	binding	 to	mephedrone.	To	overcome	 this	energy	barrier	 the	 interaction	
must	 be	 very	 energetically	 favourable,	 which	 as	 shown	 above	 is	 due	 to	 the	 three-point	 binding	
interaction	 occurring.	 By	 removing	 one	 of	 these	 functional	 groups	 it	 reduces	 the	 binding	 affinity	
(mephedrone	precursor)	or	prevents	binding	at	all	(methamphetamine).	By	completely	changing	the	






















































which	 indicates	 that	 binding	 is	 occurring.	 The	 total	 shift	 is	 noticeably	 less	 than	 that	 seen	 for	








times	more	mephedrone	 than	Probe	1.	 This	 induces	 a	 total	 chemical	 shift	 for	NH(1)	of	 0.18	ppm.	
Whereas	the	integral	ratios	of	Probe	1	to	mephedrone	in	the	pure	samples	is	1:10.	This	induces	a	total	
chemical	shift	for	NH(1)	of	2	ppm.	This	is	ten	times	higher	than	the	shift	seen	for	the	street	sample,	
which	 may	 in	 the	 first	 instance	 appear	 to	 be	 due	 to	 the	 cutting	 agents	 interfering	 with	 binding.	
However,	when	the	relative	integrals	for	Probe	1	and	mephedrone	are	taken	into	account	it	can	be	
seen	to	be	reflective	of	concentration	effects.	Therefore,	showing	that	the	presence	of	cutting	agents	
in	 the	 sample	 does	 not	 affect	 the	 chemical	 shifts	 of	 Probe	 1,	 and	 therefore	 does	 not	 affect	 the	




















Probe	 1	 was	 tested	 against	 a	 selection	 of	 guest	 molecules;	 mephedrone,	 flephedrone,	







well	 as	 protons	 9	 and	 10	 on	 the	 anthracene.	 Small	 changes	 are	 also	 seen	 for	 alkyl	 protons	 in	
mephedrone;	however,	due	to	the	amine	proton	in	mephedrone	exchanging,	no	definitive	hydrogen	




complete	 correlation	 to	 the	 predicted	 pharmacophore	model,	 it	 does	 show	 a	 three-point	 binding	





fairly	 stable	 to	 stay	 together	 through	 the	 ESI-MS	 conditions.	 Further	 confirmation	 of	 Probe	 1	 and	



























Probe	1.	 Indicating	a	decrease	 in	 the	hydrogen	bonding	 interactions	 for	 flephedrone	and	Probe	1,	




if	 any,	 literature	 about	 the	 molecular	 sensing	 of	 cathinone	 to	 consult.	 However,	 it	 does	 show	
promising	results	for	using	Probe	1	in-field	as	an	optical	response	can	be	observed.	High	molar	ratios	














field	 detection	 mechanism	 is	 a	 continuing	 endeavour;	 however,	 significant	 knowledge	 about	 the	




















CVs	 is	 imperative	 to	 the	 reliability	of	 the	metadynamic	 simulations.	 Ideally	 the	CVs	 chosen	 should	
clearly	distinguish	between	different	conformational	variations	during	the	simulations	i.e.,	initial,	final	
and	 intermediate	 conformations.	 They	 should	 also	 represent	 all	 kinetically	 slow	 events,	 such	 as	
structural	 phase	 transitions,	 that	 may	 be	 relevant	 to	 reconstructing	 a	 free	 energy	 profile	 of	 the	
system209.	Given	 that	 the	 focus	of	 interest	of	 these	studies	 is	 the	binding	between	host	and	guest	
molecules,	 the	 variable	 most	 important	 to	 understanding	 the	 process	 of	 interest	 is	 the	 distance	
between	the	host	and	guest	molecules.	




































searching	 calculations	 were	 performed	 using	 MacroModel	 with	 an	 OPLS_2005	 force	 field211	 and	
implicit	 water	 solvent	 system,	 Generalized	 Born/Surface	 Area	 (GB/SA)212.	 Due	 to	 the	 lack	 of	
crystallographic	data	 for	 the	host	molecules	being	 investigated	no	constraints	were	applied	 to	 the	
system.	 The	 Polak-Ribiere	 conjugate	 gradient	 (PRCG)	 minimisation	 method	 was	 applied	 to	 all	
compounds,	 with	 the	 Monte	 Carlo	 Multiple	 Minimum	 (MCMM)	 torsional	 sampling	 method	 for	
conformational	 searching	 using	 1000	 steps	 and	 a	 21	 kJ	 mol-1	 window	 for	 conformers.	 Minimum	















20	 Å	 distance	 between	 any	 two	 host	 molecules	 which	 guards	 against	 the	 formation	 of	 artefact	
interactions	between	two	molecules	 in	different	units.	Six	steps	were	applied	during	the	simulated	
annealing	cycle,	heating	from	0	K	to	1000	K	at	a	linear	gradient	and	held	at	1000	K	for	500	ps,	cooling	
to	 400	 K	 over	 a	 period	 of	 1	 ns,	 followed	 by	 a	 simulation	 time	 of	 3.13	 ns	 (Table	 6.1).	 Energy	 and	
coordinates	of	the	system	were	recorded	at	1	and	5	ps,	respectively.	Studies	were	repeated	for	all	
host	molecules.	 The	 temperature	was	 regulated	with	 the	Nose-Hoover	 chain	 thermostat214	with	 a	
relaxation	 time	of	1.0	ps.	Non-bonded	 interactions	had	a	10	Å	 cutoff	 and	 for	 long-range	Coulomb	
interactions	 the	 smooth-particle-mesh	 Ewald	method215	was	 applied.	 The	 RESPA	 integrator214	was	
used	to	carry	out	integration	of	bonded,	non-bonded-near	and	tat	with	steps	of	2.0,	2.0	and	6.0	fs.	
Simulated	annealing	was	carried	out	in	water,	methanol	and	dimethyl	sulfoxide	(DMSO)	for	Hosts	1	
and	3	 and	water	 for	Host	2.	All	 conformations	 from	 the	 simulation	 trajectory	were	extracted	 into	



















































































Conformational	 analysis	 of	 the	 three	 host	 molecules;	 dibenzylthiourea	 anthracene	 (Host	 1),	
dinaphthylthiourea	anthraquinone	 (Host	2)	and	dinaphthylurea	 tetrahydroxylcalix(4)arene	 (Host	3)	
was	carried	out	and	the	results	for	each	are	presented	below.		
In	order	 to	 try	and	predict	 conformations	of	both	 the	host	and	guest	molecules	 in	water	 that	are	
represented	implicitly,	conformational	searching	of	each	guest	molecule	was	carried	out	as	well	as	
conformational	searching	of	host-guest	complexes	in	the	same	system.	This	is	a	preliminary	method	
for	 understanding	 the	 enthalpy	 contribution	 for	 complexation	 of	 the	 bound	 and	 unbound	 host	
molecules.	 Mephedrone,	 caffeine	 and	 methamphetamine	 were	 used	 as	 guest	 molecules	 to	







field	 detection	 mechanisms	 have	 failed	 to	 show	 selectivity	 against.	 As	 previously	 mentioned,	
selectivity	is	a	crucial	aspect	of	sensor	development,	and	the	use	of	metadynamics	could	potentially	
be	 incorporated	 into	 future	 strategies	 to	 predict	 selectivity	 of	 potential	 host	 molecules,	 before	
synthesis	is	carried	out.		
6.3.1.1 Dibenzylthiourea	Anthracene	(Host	1)	























number	 and	 type	 of	 atoms	 has	 a	 large	 impact	 on	 the	 energy	 values	 obtained	 during	 molecular	
mechanics	 calculations.	 It	 is	 however	 possible	 to	 see	 the	 change	 in	 energy	 of	 the	 system	 when	
mephedrone	is	added	so	it	gives	an	impression	of	whether	it	is	energetically	favourable	for	host-guest	
complexation	to	take	place.	This	can	be	established	using	Equation	6.1,	which	takes	into	account	the	
energy	 value	 of	 the	minimum	 structure	 of	 the	 host	 (EH)	 and	 guest	molecules	 (EG)	 separately	 as	 a	
comparison	of	the	complex	(EC).		∆	𝑬 = 𝑬𝑪 − 𝑬𝑯 + 𝑬𝑮 										Equation	6.1	










Host	1	and	Mephedrone	 4.26	 -162.21	 -7.86	 150.09	
Host	1	and	Caffeine	 -291.65	 -21.98	 -599.68	 -286.05	
Host	1	and	Methamphetamine	 -27.30	 -154.47	 -70.98	 110.79	
	
The	 largest	negative	ΔE	shows	the	most	favourable	binding	as	 it	represents	the	greatest	change	 in	







Conformational	 searching	 of	 dinaphthylthiourea	 anthraquinone	 (Host	 2)	 produced	 110	 unique	






conformation	 produced	 in	 the	 21	 kJ	mol-1	 energy	window	 is	 noticeably	 different	 from	 the	 lowest	
energy	conformation.		
	
Figure	6.4	 -	An	 image	showing	the	 lowest	energy	conformer	 for	Host	2	 (96.16	kJ	mol-1)	and	highest	energy	conformer	
(117.16	kJ	mol-1)	generated	through	conformational	searching	in	Maestro	within	the	selected	window	of	21	kJ	mol-1.	






there	 is	only	a	 small	difference	between	caffeine	and	mephedrone.	Methamphetamine	shows	 the	
least	favourable	interaction	with	Host	2.	Host	1	and	Host	2	have	similar	conformations;	however,	they	
appear	to	show	a	marked	difference	in	selectivity	at	this	stage.	This	is	an	interesting	outcome	that	will	













Host	2	and	Mephedrone	 -157.01	 -162.21	 -410.19	 -90.97	
Host	2	and	Caffeine	 -17.05	 -21.98	 -130.26	 -91.23	






seen	 that	 the	 highest	 energy	 conformation	 for	 Host	 3	 does	 not	 show	 considerable	 differences	 in	
conformation	compared	to	the	lowest	energy	conformation	despite	the	19.93	kJ	mol-1	difference	in	
energy.	The	presence	of	the	hydroxyl	groups	on	the	lower	rim	are	known	to	form	strong	hydrogen	






Host	 3	 was	 studied	 with	mephedrone,	methamphetamine	 and	 caffeine.	 Host	 3	 and	mephedrone	
produced	272	unique	conformers	with	a	lowest	energy	values	of	-230.75	kJ	mol-1,	methamphetamine	















Host	3	and	Mephedrone	 -230.75	 -162.21	 -631.21	 238.26	
Host	3	and	Caffeine	 -658.49	 -21.98	 -1032.16	 -351.69	
Host	3	and	Methamphetamine	 -374.61	 -154.47	 -442.42	 86.66	
	
Based	on	the	conformational	searching,	Host	1	and	2	appear	to	be	the	most	flexible	with	the	greatest	
change	 in	 conformation	 seen	 in	 the	 21	 kJ	 mol-1	 energy	 window.	 While	 Host	 3	 shows	 the	 least	

























(RMSD).	 From	 the	 5	 clusters	 produced	 cluster	 2	 contained	 133	 conformers	 which	 was	 the	 most	
commonly	populated	group.	The	average	conformation	found	in	this	cluster	is	shown	in	Figure	6.6.	
Without	accurate	free	energy	values	to	accompany	the	conformations	it	cannot	be	determined	for	
certain	 that	 the	 global	 minimum	 conformation	 has	 been	 achieved;	 however,	 it	 is	 a	 reasonable	





Figure	 6.6	 -	 An	 image	 showing	 the	 representative	 conformation	 of	 Host	 1	 in	 the	most	 common	 cluster	 from	 3.13	 ns	
simulated	annealing	in	water	based	on	clustering	all	conformations	from	the	Maestro	simulation.	























in	 water,	 two	 additional	 solvents,	 DMSO	 and	 methanol,	 were	 investigated	 in	 which	 to	 carry	 out	
simulated	 annealing.	 Ideally	 acetone	 would	 be	 used	 to	 most	 accurately	 mimic	 the	 experimental	
conditions	used	in	Chapter	5;	however,	there	are	currently	no	acetone	solvent	box	available.	For	Host	
1	 in	 methanol	 the	 most	 common	 cluster	 contained	 230	 conformations.	 Figure	 6.8	 shows	 the	










can	 be	 seen	 in	 Figure	 6.9	 that	 the	 representative	 conformation	 achieved	 for	 Host	 1	 in	 DMSO	 is	
distinctly	different	from	that	found	for	water	(RMSD	=	6.47	Å)	and	methanol	(RMSD	=	5.68	Å).	This	









water	 soluble.	 Ideally	 the	 conformational	 space	 in	explicit	 solvent	would	be	 further	explored	with	

















Figure	6.10	 -	An	 image	showing	 the	 representative	 conformation	of	Host	2	 in	 the	most	 common	cluster	 from	3.13	ns	
simulated	annealing	experiment	 in	water	based	on	 the	 clustering	 carried	out	on	all	 conformations	 from	 the	Maestro	
simulation.	
In	order	to	examine	the	effect	of	different	solvent	systems,	as	with	Host	1,	simulated	annealing	was	














water,	 with	 the	 two	 arms	 of	 the	 host	 positioning	 themselves	 on	 the	 same	 side	 of	 the	 central	
anthraquinone	 moiety.	 As	 with	 Host	 1	 the	 changes	 in	 conformation	 in	 different	 solvent	 systems	








Figure	6.12	 -	An	 image	 showing	 the	 representative	 conformation	of	Host	2	 in	 the	most	 common	cluster	 from	3.13	ns	





lends	 itself	 to	 in	 silico	 work	 which	 is	 largely	 developed	 for	 water	 soluble	 substances.	 Of	 the	 400	
extracted	 conformations	 from	 the	 simulated	 annealing	 one	 of	 the	 five	 clusters	 contained	 386	
conformations,	 this	cluster	 is	accepted	to	be	 the	most	 representative	conformational	 shape	 in	 the	




Figure	6.13	 -	An	 image	 showing	 the	 representative	 conformation	of	Host	3	 in	 the	most	 common	cluster	 from	3.13	ns	

























Host	 1,	 a	 number	of	 variables	were	 changed	 and	examined:	 simulation	 time,	mephedrone	 charge	
state,	 solvent,	 system	 size	 and	 position	 of	 CVs.	 Charged,	 uncharged	 and	 the	 inclusion	 of	 chloride	
counter	ion	were	studied	to	see	what	effect	this	would	have	on	binding.	In	street	samples	mephedrone	
would	be	found	as	the	more	stable	hydrochloride	salt	as	opposed	to	the	freebase	studied	in	Chapter	
5.	 Experimentally	when	acetone	 is	used	mephedrone	 freebase	 is	unionised,	 as	mephedrone	has	a	
predicted	 pKa	 of	 between	 8.4-9.545	 and	 acetone	 has	 a	 pKa	 of	 20217.	 In	 all	 solvents	 examined	















5	 Cl	counter	ion	 30	 1	 -43.26	 26.45	 no	
5	 charged	 30	 1	 -37.87	 23.83	 no	
5	 Cl	counter	ion	 20	 1	(Cl)	 -39.29	 22.49	 no	
5	 Cl	counter	ion	 30	 1	(Cl)	 -40.80	 27.85	 no	
5	 charged	 20	 1	 -61.09	 17.50	 no	
2	 neutral	 30	 1	 -63.93	 6.06	 no	
5	 Cl	counter	ion	 20	 1	 -65.77	 4.35	 yes	

















Figure	6.14	 -	An	 imagine	 showing	 the	minimum	 free	energy	 complex	 for	Host	 1	 and	mephedrone,	 20	Å	 system,	5	ns	
simulation	with	chloride	counter	ion	in	water	(chloride	is	not	observed	near	the	host	or	guest	at	minimum	energy)	from	
the	metadynamics	analysis	in	Maestro.	
Under	 the	 same	 experimental	 conditions,	 but	 with	 an	 increased	 simulation	 time	 of	 10	 ns	 no	
interaction	 is	 seen	between	Host	 1	 and	mephedrone	 at	 the	minimum	energy	 for	 the	 system.	 The	
computational	 cost	 of	 a	 10	 ns	 simulation	 is	 very	 high,	 even	 with	 a	 buffer	 size	 of	 20	 Å.	 The	












































seen	 in	 the	 conformation	 searching	 study,	with	 the	benzyl	 groups	π-stacking	with	 the	 anthracene	
moiety.	 This	may	be	due	 to	 solvent	 effects,	 as	Host	 1	 is	 known	 to	be	 insoluble	 in	water,	 and	 this	
conformation	appears	to	allow	for	the	minimum	contact	with	water.		
As	 seen	 in	 the	 simulated	 annealing	 studies	 the	 choice	 of	 solvent	 has	 a	 large	 effect	 on	 the	
































the	ability	 to	act	as	both	hydrogen	bond	acceptor	and	donor.	 It	can	be	seen	 in	Figure	6.18	that	 in	



















may	suggest	that	the	solvent	 interaction	 is	more	favourable	then	the	host-guest	 interaction	at	the	
position;	therefore,	preventing	the	same	binding	seen	experimentally,	to	occur	in	silico.		
	

















favourable	 then	 the	 interaction	 seen	 for	 methamphetamine.	 At	 this	 energy	 we	 see	 π-stacking	
between	the	caffeine	and	the	anthracene	moiety.	Caffeine’s	ability	to	π-stack	is	well	known,	as	seen	


























Caffeine	 5	 No	ions	 30	 1	 -49.12	 5.84	 no	








of	 -33.43	 kJ	 mol-1	 there	 is	 non-specific	 binding	 with	 the	 methamphetamine	 π-stacking	 with	 the	
anthracene	 moiety.	 Nevertheless	 experimentally	 no	 π-stacking	 interaction	 was	 observed.	
Methamphetamine	and	Host	1	in	DMSO	show	consensus	to	the	experimental	results,	as	there	is	no	
favourable	 complexation	 seen	 throughout	 the	 simulation.	 This	 is	 likely	 due	 to	 both	 the	 host	 and	
methamphetamine	hydrogen	bonding	to	DMSO;	therefore,	preventing	complexation	occurring.	
Table	6.8	-	Metadynamics	results	for	Host	1	with	caffeine	and	methamphetamine	in	methanol	and	DMSO.	




Caffeine	 Methanol	 No	charge	 -39.24	 8.21	 Yes	
Caffeine	 DMSO	 No	charge	 -45.98	 19.87	 No	
Methamphetamine	 Methanol	 Charged	 -37.17	 25.17	 No	


























Mephedrone	 Water	 No	 -63.93	 No	
Mephedrone	 DMSO	 No	 -56.23	 No	
Mephedrone	 Methanol	 Yes	 -39.04	 No	-	non-specific	binding	
Caffeine	 Water	 No	 -49.12	 Yes	
Caffeine	 DMSO	 No	 -45.98	 Yes	
Caffeine	 Methanol	 Yes	 -39.25	 No	
Methamphetamine	 Water	 Yes	 -43.26	 No	
Methamphetamine	 DMSO	 No	 -53.64	 Yes	
Methamphetamine	 Methanol	 No	 -37.15	 Yes	
	
The	 data	 in	 Table	 6.9	 shows	 the	 final	 results	 for	 the	 metadynamics	 simulations	 for	 Host	 1	 with	
mephedrone,	caffeine	and	methamphetamine.	The	results	shown	are	for	the	final	approach	which	
























explored	 in	order	 to	 improve	the	process	of	sensor	development.	The	binding	data	collected	 from	
Chapter	5	was	used	as	an	experimental	comparison.	The	strength	of	binding	observed	experimentally	
is	 relatively	 weak	 compared	 to	 systems	 that	 are	 usually	 studied	 in	 silico.	 This	makes	 it	 harder	 to	









taken	 into	 account	 when	 determining	 the	 minimum	 conformation	 for	 starting	 structures	 for	







competitive	 binding	 solvent	 and	 thus,	 preventing	 complexation.	 This	 was	 further	 seen	 in	
metadynamics	where	Host	1	shows	no	consensus	with	the	experimental	data	for	mephedrone	binding	
in	any	of	the	solvent	systems;	water,	DMSO	and	methanol.		





















allow	 for	 simulations	 to	 be	 explored	 in	 acetone.	 Until	 the	 solvent	 used	 experimentally	 can	 be	
























since	 the	 start	 of	 this	 study,	 and	 subsequently	 it	 was	 not	 possible	 to	 purchase	 them	 for	 analysis	
purposes.	On	the	other	hand,	aminoindane	internet	products	were	uncontrolled	and	thus	purchased	
and	 analysed.	 The	 analysis	 of	 the	 aminoindane	 products	 led	 to	 a	 number	 of	 valuable	 findings	 for	


























another	 for	 uncontrolled	 aminoindanes.	 However,	 as	 discussed	 previously	 the	 popularity	 of	
aminoindanes	did	not	rise	to	the	levels	predicted	in	2011.	This	in	part	is	thought	to	be	due	to	their	
reduced	potency	compared	to	other	amphetamine-like	compounds.	For	this	reason,	it	was	decided	to	







It	 is	 an	 approach	 that	 aims	 at	 isolating	 the	 features	 that	 makes	 systems	 in	 nature	 selective	 and	
imitating	them	synthetically.	In	this	project	it	was	applied	to	mimicking	the	selectivity	of	protein-ligand	
interactions	 in	a	 small	host	molecule.	To	achieve	 this,	 the	 second	 stage	of	 this	project	was	 to	use	
protein-ligand	 binding	 to	 achieve	 a	 greater	 understanding	 of	 how	 structurally	 similar	 compounds	
interact	with	proteins,	and	therefore	try	and	mimic	this	selectivity	in	a	small	molecule.	This	technique	
is	 commonly	used	 for	drug	design,	but	has	not	yet	been	 reversed	and	used	 for	 the	design	of	host	
molecules.	Mephedrone	was	chosen	as	the	target	guest	molecule	upon	which	a	host	molecule	would	
be	designed.		








be	mimicked	 on	 a	 small	 scale,	 i.e.	 hydrogen	 bonding	 and	p-stacking.	 A	 complete	 data	 set	 of	 the	
interactions	between	proteins,	cutting	agents	of	interest	(highlighted	from	the	aminoindane	analysis	
as	well	as	a	comprehensive	literature	search).	
One	 limitation	 of	 the	 pharmacophore	 development	was	 the	 lack	 of	 experimental	 protein	 binding	
information	for	mephedrone,	or	any	cathinone	derivative	in	the	Protein	DataBank.	Currently	there	is	
no	experimental	data	for	any	cathinone	binding	to	proteins.	This	is	likely	due	to	the	types	of	proteins	
they	 interact	 with,	 transmembrane	 proteins.	 There	 is	 very	 little	 structural	 information	 on	 these	
proteins	as	they	are	hydrophobic,	and	therefore	it	is	not	easy	to	crystallise	them	out	in	their	natural	
state.	 However,	 there	 was	 still	 information	 relating	 to	 the	 cutting	 agents	 identified,	 endogenous	
psychoactive	substances	and	amphetamine	derivatives.	A	database	was	developed	based	on	these	






potentially	 be	 utilised	 for	 any	 target	 molecule,	 assuming	 protein-binding	 information	 is	 readily	
available.	 This	 is	 the	 first	 time	 such	 methodology	 has	 been	 developed,	 and	 could	 have	 useful	
applications	 for	 future	 host	molecule	 development.	 Given	 the	 lack	 of	 binding	 information	 for	 the	
target	 drug,	 mephedrone,	 the	 final	 pharmacophore	 design	 was	 based	 on	 amphetamine-like	
structures,	as	well	as	cutting	agents	that	the	host	molecule	needs	to	be	selective	against.	Individual	
pharmacophores	for	dopamine,	MDMA,	methamphetamine	and	paracetamol	were	developed.	From	
these,	a	consensus	pharmacophore	was	developed	based	on	 the	 interactions	most	 likely	 to	mimic	
mephedrone	 binding.	 These	 were	 found	 to	 be	 a	 hydrogen	 bond	 acceptor	 and	 two	 p-stacking	
interactions	(Figure	3.11).		
From	 the	 analysis	 of	 the	 aminoindanes	 and	 reviewed	 literature	 it	 has	 already	 been	 deduced	 that	

















It	 was	 concluded	 that	 designing	 a	 supramolecular	 flexible	 probe	molecule	 that	 re-organises	 itself	
around	 mephedrone,	 would	 be	 the	 ideal	 solution.	 It	 is	 this	 implementation	 of	 supramolecular	
chemistry	in	a	concerted	design	that	includes	all	the	pharmacophore	features	identified	that	would	
appear	to	be	the	key	to	the	selectivity	of	the	host	molecule.		
From	 the	 pharmacophore	 model,	 the	 synthesis	 of	 two	 proposed	 host	 molecules	 were	 studied,	
macrocyclic	 calixarenes	 and	 acyclic	 anthraquinones.	 Both	 designs	 incorporated	 functional	 groups	











still	 needed	 to	be	 considered	 in	 the	probe	molecule	design,	 to	 improve	 selectivity.	 To	 include	 the	
NH NH
NH NH













designed,	 the	 thiourea	 groups	 incorporated	 were	 selected	 so	 they	 could	 act	 as	 both	 donors	 and	







mephedrone	 binding	 independently	 of	 chloride	 ions,	 binding	 studies	were	 conducted	without	 the	
presence	 of	 chloride,	 i.e.	 the	 freebase	 form	 of	 the	 drug	 was	 used.	 Stability	 studies	 showed	 that	
mephedrone	 freebase	 is	 stable	 for	up	 to	18	hours.	Having	 to	extract	 the	 freebase	of	mephedrone	
before	 analysis	 works	 in	 a	 laboratory	 based	 environment;	 however,	 it	 is	 not	 ideal	 for	 in-field	
applications.		
From	the	1H-NMR	it	was	found	that	mephedrone	binds	to	Probe	1	with	equilibrium	achieved	at	4	molar	
equivalents	 of	 mephedrone	 to	 Probe	 1.	 When	 adding	 mephedrone,	 the	 two	 NH	 peaks	 from	 the	
thiourea	 groups	 were	 significantly	 shifted	 down-field.	 These	 shifts	 were	 concluded	 to	 be	 due	 to	
binding	of	both	the	carbonyl	and	the	amine	functionalities	in	mephedrone	to	Probe	1.	Interestingly,	



















Systematic	 analysis	 of	 flephedrone,	 methamphetamine	 and	 mephedrone	 precursor	 using	 NMR	
provided	more	rational	as	 to	how	mephedrone	and	Probe	1	were	binding,	 through	analysis	of	 the	
chemical	shifts.	The	hydrogen	bonding	of	the	amine	and	carbonyl	functionalities	of	mephedrone	were	
concluded	to	be	the	two	main	binding	interactions	with	Probe	1.	By	removing	the	amine	functionality	
(mephedrone	 precursor)	 binding	 still	 occurred	 through	 the	 carbonyl;	 however,	 the	 association	
constant	 was	 tenfold	 lower.	 Removal	 of	 the	 carbonyl	 functionality	 (methamphetamine)	 saw	 no	
binding	 interaction	 up	 to	 8	molar	 equivalents.	 This	 indicates	 that	 hydrogen	 bonding	 between	 the	
carbonyl	and	the	amine	of	the	thiourea	is	the	primary	interaction.	The	carbonyl	was	predicted	to	be	
the	key	 to	 the	selectivity	of	 the	host	molecule	over	other	amphetamine-like	compounds.	This	was	
found	to	be	true,	with	Probe	1	exerting	selectivity	over	methamphetamine,	despite	it	containing	the	
other	 binding	 points	 found	 in	mephedrone;	 the	 amine	 and	 aromatic	 groups.	 Based	 on	 systematic	
analysis	 the	 selectivity	 of	 Probe	 1	 is	 concluded	 to	 be	 for	 the	b-keto	 arrangement,	 unique	 to	 the	







binding	 studies	 showed	 that	 flephedrone	 had	 a	 reduced	 affinity	 to	 Probe	 1	 in	 comparison	 to	
mephedrone,	 although	 the	 same	 atoms	 were	 involved	 in	 binding.	 This	 would	 suggest	 that	
complexation	occurs	in	the	same	way	as	mephedrone.	In	order	to	rationalise	the	binding	of	Probe	1	
further,	molecular	modelling	calculations	were	performed.		
The	 minimum	 energy	 conformations	 were	 generated	 for	 both	 mephedrone	 and	 Probe	 1.	 The	
maximum	 RMSD	 for	 the	 change	 in	 conformation	 between	 the	 bound	 and	 unbound	 Probe	 1	 was	



















unit	 could	 increase	 the	 optical	 response	 of	 flephedrone	 upon	 binding.	 As	 with	 mephedrone,	 no	
binding	is	seen	in	UV/Vis	even	at	high	concentrations.	At	low	concentrations	there	is	also	no	noticeable	
fluorescence	 response,	 again	 the	 same	 seen	 for	 mephedrone.	 However,	 at	 high	 concentrations	





ESI-MS	 indicates	 that	 the	 strength	 of	 the	 interaction	 is	 very	 favourable,	 as	 it	 remains	 complexed	
through	harsh	 ionisation	 conditions.	 This	 could	be	due	 to	 the	 large	deformation	energy	predicted	
through	DFT	calculations,	suggesting	that	once	the	complex	is	formed	it	 is	more	favourable	to	stay	
complexed	 then	 to	 overcome	 the	 energy	 to	 rearrange.	 The	 MS	 analysis	 also	 indicates	 that	 the	
complexation	 is	 reversible,	 as	 changing	 the	 instrument	 conditions	 alters	 the	 ratio	 of	 bound	 and	
unbound	observed	in	the	spectrum.	This	is	also	supported	by	MS/MS	experiments,	whereby	the	Probe	
1-mephedrone	 complex	 fragments	 into	 the	 free-drug	 and	 Probe	 1	 upon	 dissociation	 to	 form	 two	
distinct	 signals	at	m/z	 179	and	507	 respectively.	 Interestingly,	when	mephedrone	hydrochloride	 is	










The	 importance	 of	 selectivity	 for	 any	 potential	 host	 molecule	 has	 been	 discussed	 in	 detail.	
Mephedrone	products	are	not	pure,	they	can	be	cut	with	a	number	of	other	substances.	Selectivity	
over	these	cutting	agents	appears	to	be	the	primary	limitation	of	current	in-field	mechanisms133.	From	
literature	 searches	 and	 the	 aminoindane	 product	 analysis,	 a	 number	 of	 cutting	 agents	 and	
psychoactive	 substances	 were	 identified,	 to	 which	 the	 probe	 molecule	 must	 ideally	 be	 selective	
against.	 The	 most	 crucial	 were	 identified	 as:	 caffeine,	 benzocaine,	 lidocaine,	 paracetamol	 and	
methamphetamine.	For	this	reason,	Probe	1	was	tested	against	all	of	these	compounds	using	1H-NMR	








author’s	 knowledge,	 has	 never	 been	 achieved	 for	 a	 small	molecule	 detection	mechanism	 before.	
Interestingly,	when	Probe	1	 is	bound	 to	mephedrone	 the	 sigmoidal	behaviour	 seen	 in	the	binding	






















this	 could	be	achieved.	Another	possible	method	 that	was	considered	 in	 this	work	was	 the	use	of	
molecular	dynamics	analysis,	specifically	metadynamics.	This	is	a	novel	approach	that	has	never	been	
applied	to	small	molecule	binding	before.	The	idea	behind	this	was	to	develop	a	new	approach	that	
could	 predict	 small	molecule	 binding	 affinity	 in	 silico.	 If	 successful	 this	 could	 greatly	 improve	 the	
development	of	host	molecules,	and	decrease	the	amount	of	time	and	money	spent	on	laboratory	
based	development.		
To	 try	 and	 develop	 a	 protocol	 that	 could	 achieve	 this,	 a	 number	 of	 factors	were	 studied	 such	 as	
conformational	 space,	 consideration	 of	 explicit	 and	 implicit	 solvation	 and	 parametrisation	 of	 the	
system.	Given	that	this	approach	has	never	been	applied	to	small	molecule	systems,	the	analysis	was	
validated	 with	 the	 experimental	 work	 carried	 out	 in	 Chapter	 5.	 The	 aim	 was	 to	 then	 apply	 this	




















Probe	 1	 was	 studied	 with	 three	 of	 the	 same	 guest	 molecules	 that	 were	 studied	 experimentally:	
mephedrone,	caffeine	and	methamphetamine.	Mephedrone	was	studied	as	both	the	hydrochloride	




methanol	 either	 so	 it	 is	 hard	 to	 deduce	 whether	 these	 results	 are	 a	 limitation	 of	 the	 system,	 or	
indicative	of	experimental	results,	as	no	experimental	results	could	be	collected	in	methanol	or	water.	
Ideally	acetone	would	be	used	as	the	solvent	for	simulation;	however,	in	silico	modelling	is	limited	by	
the	 resources	 available	 from	 the	 software	 package	 used	 and	 there	 is	 currently	 no	 solvent	 box	
developed	for	the	use	of	acetone	in	silico.	Unsuccessful	correlation	between	the	experimental	and	in	
silico	 binding	 data	 was	 concluded	 to	 be	 due	 to	 three	 reasons.	 The	 first,	 and	 probably	 the	 most	



























mephedrone,	 the	possibly	of	using	1,8	dibenzylthiourea	anthracene	as	a	 fluorescent	 in-field	probe	
could	be	explored	further.	NMR	and	fluorescence	spectroscopy	techniques	both	show	good	selectivity	
for	 Probe	 1	 to	 mephedrone,	 over	 methamphetamine,	 caffeine,	 paracetamol,	 benzocaine	 and	
lidocaine.	Differences	are	seen	in	respect	to	sensitivity,	with	NMR	and	MS	analysis	showing	a	response	
upon	binding	at	low	concentrations	while	a	fluorescence	response	upon	binding	can	only	be	observed	
















improved.	 The	 one	 key	 limitation	 in	 this	 project	 was	 the	 lack	 of	 experimental	 binding	 data	 for	
cathinones.	 This	 was	 due	 to	 their	 affinity	 for	 transmembrane	 proteins,	 which	 have	 proven	 to	 be	
difficult	to	isolate	and	therefore	there	is	a	lack	of	structural	X-ray	crystallography	data.	However,	there	
was	 recently	 a	 study	 that	 isolated	 the	 human	 cannabinoid	 receptor	 (CB1)	 bound	 to	 endogenous	
compounds220.	This	shows	that	in	future	there	may	be	a	larger	selection	of	experimental	data	upon	
















prediction	 of	 ligand	 binding.	 Specifically,	 it	 accounts	 for	 polarizable	 charges	 on	 atoms	 which	 is	
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